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Research  and  Accomplishments  Part  I: 

Figure  1.  Relative  concentration  of  the  oxo-Cr6+  species  as  a  function  of  pH  for  a  total 
Cr6+  concentration  of  (a)  10"6  M  and  (b)  1  M.  (c)  0.075M,  a  typical  concentration  for  a 
conversion  coating. 

Figure  2.  Relative  piezo-electrokinetic  response  (unitless)  as  a  function  of  pH  for  0.0 IF 
oxo-Cr6+  and  0.01  M  sodium  nitrate  or  hydroxide. 

Figure  3.  Cathodic  polarization  curves  on  2024-T3  in  actively  oxygen  -sparged  1M 
NaCl  solution  with  (a)  dichromate  additions,  and  (b)  0.3  vol%  peroxide  and  dichromate 
additions. 

Figure  4.  Polarization  response  of  a  Cu  RDE  in  5%  NaCl  solution  with  Cr(VI)  and 
Ce(III)  inhibitor  additions. 

Figure  5.  Dependence  of  the  pitting  potential  of  A1  on  the  chloride:  chromate  ratio. 
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Figure  6.  Relative  concentration  of  the  oxo-Cr6+  species  as  a  function  of  pH  in  the  pH  0- 
3  range  for  a  total  Cr6+  concentration  of  0.01  M. 

Figure  7.  Current  vs.  time  for  600  grit  polished  A1 1 100  polarized  at  -0.500Vsce  in  1M 
chloride  solution  at  (a)  pH  ~1  and  (b)  pH  ~0. 

Figure  8.  The  ratio  of  steady  state  current  at  -0.500VSCe  in  the  presence  to  that  in  the 
absence  of  oxo-Cr6+  as  a  function  of  pH. 

Figure  9.  AFM  image  for  a  freshly  polished  (0.01  micron)  A1  2024-T3  surface  exposed 
for  3  seconds  to  Alodine  solution  at  5°  C. 

Figure  10.  (a)  Schematic  representation  of  the  hydrolysis-polymerization-precipitation 
mechanism  for  Cr(OH)3  “backbone  formation,  (b)  Condensation  of  Cr(VI)  on  the  Cr(III) 
backbone  by  nucleophilic  attack  of  hydroxyl  ligands  in  the  backbone. 

L.  Xia,  R.L.  McCreery,  J.  Electrohem.  Soc.,  145,  3083  (1998). 

Figure  11.  Normalized  intensity  of  the  859cm'1  Cr3+-0-Cr6+  scattering  band  as  a  function 
of  coating  time.  A  representative  current  versus  time  trace  is  shown  for  comparison. 
Electrode  area  was  0.008cm2. 

Figure  12.  Transmission  electron  micrograph  of  a  CCC  stripped  from  a  99.98%  pure  A1 
substrate.  CCC  was  formed  by  a  5  s  immersion  in  Cr2072VF'  solution  at  sub-ambient 
temperature.  Local  Cr-rich  deposits  (location  b)  are  located  on  grain  boundaries  or  pre- 


2 


existing  metal  ridge.  Microchemical  analysis  of  regions  away  from  nodules  (location  a) 
suggest  non-uniform  CCC  formation  across  the  surface.  G.M.  Brown,  K.  Shimuzu,  K. 
Kobayashi,  G.E.  Thompson,  G.C.  Wood,  Corrosion  Sci.,  33,  1371  (1992). 

Figure  13.  (a)  Optical  micrograph  of  a  conversion  coated  S  phase  particle  colony  in 
2024-T3.  The  dashed  line  approximates  the  boundaries  of  the  particle  colony,  (b) 
Intensity  map  of  the  859cm"1  Cr3+-0-Cr6+  Raman  band  over  the  region  in  (a).  The 
absence  of  intensity  over  the  location  of  the  particle  indicates  atypical  CCC  formation  on 
the  S  phase  particle. 

Figure  14.  Periodic  Table  of  the  elements,  compounds  of  which  (shaded)  have  been 
considered  as  alternatives  for  oxo-Cr6+  inhibitors. 

Figure  15.  Pourbaix  diagrams  for  Cr,  Mn,  Tc  and  Mo,  elements  that  have  soluble 
hypervalent  oxo-anions  that  reduce  to  form  insoluble  oxide.  Note  that  the  pH  region  of 
stability  for  the  insoluble  oxides  is  very  broad  for  Cr,  Mn,  and  Tc,  but  not  Mo. 


Research  and  Accomplishments  Part  II: 

Figure  1.  (a)  Photograph  of  the  simulated  scratch  cell,  (b)  Schematic  cross  section  of  the 
cell. 

Figure  2.  Anodic  polarization  curves  for  2024-T3  exposed  to  aerated  0.124  M  NaCl 
solution  pH  6  with  and  without  additions  of  0.1M  NaVC>3. 

Figure  3.  Cathodic  polarization  curves  for  2024-T3  exposed  to  aerated  0.124  M  NaCl 
solution  pH  6  with  and  without  additions  of  0.1M  NaVC>3. 

Figure  4.  Complex  plane  plots  of  EIS  data  collected  from  2024-T3  exposed  to  aerated 
0.1M  NaCl  plus  0.1M  NaVCE  for  various  lengths  of  time. 

Figure  5.  Variation  of  Rc  with  exposure  time  for  2024-T3  exposed  to  aerated  0.1M  NaCl 
with  additions  of  vanadate,  chromate,  or  with  no  inhibitor  additions. 

Figure  6.  A  summary  of  the  effect  of  VCC  bath  chemistry  on  coating  corrosion 
resistance.  Corrosion  resistance  is  characterized  by  Rc  determined  from  EIS  data 
collected  after  exposure  to  aerated  0.1M  NaCl  for  24  hours.  VCC  bath  pH  was  varied 
from  1  to  8.5.  Coatings  were  also  made  with  and  without  additions  of  NaF  and 
K3Fe(CN)6.  (a)  lOmM  NaV03  +  3mM  NaF  +  2mM  K3Fe(CN)6,  (b)  lOmM  NaV03  + 
3mM  K3Fe(CN)6,  (c)  lOmM  NaV03  +  2mM  NaF. 

Figure  7.  Scanning  electron  micrographs  of  (a,  b,  and  d)  vanadate  and  (c)  chromate 
conversion  coatings.  Micrographs  c  and  d  show  the  two  coatings  at  identical 
magnifications  for  comparison. 
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Figure  8.  Composition  depth  profiles  for  Al,  O,  and  V  through  a  VCC  collected  by 
Auger  electron  spectroscopy.  Sputtering  rate  is  estimated  to  by  10  nm/minute  based  on 
SiC>2  standard. 

Figure  9.  XANES  of  a  VCC  at  the  vanadium  K  absorption  edge.  The  absorption 
spectrum  includes  a  pre-edge  peak  due  to  the  presence  of  V5+  in  the  coating. 

Figure  10.  Photographs  of  a  VCC  on  2024-T3  in  the  (a)  as-coated  condition,  (b)  after 
168  hours  of  salt  spray  exposure,  and  (c)  bare  2024-T3  after  168  hours  of  salt  spray 
exposure.  Coupon  sizes  are  approximately  50  x  100mm. 

Figure  11.  .VCC  corrosion  resistance  determined  by  EIS  testing.  Rc  values,  indicated  by 
data  points  scatter  bands,  were  determined  after  exposure  to  aerated  0.5M  NaCl  solution. 
The  upper  band  indicates  the  range  of  Rc  values  measured  for  CCCs  in  this  environment. 
The  lower  band  indicates  the  range  in  Rc  values  measured  for  uncoated  Al  alloys. 

Figure  12.  Anodic  polarization  curves  for  VCC  coated  2024-T3  collected  in  aerated 
0.5M  NaCl.  The  time  notations  refer  to  the  length  of  time  the  samples  were  immersed  in 
the  coating  bath.  The  “bare”  sample  was  uncoated. 

Figure  13.  Cathodic  polarization  curves  for  VCC  coated  2024-T3  collected  in  aerated 
0.5M  NaCl.  The  time  notations  refer  to  the  length  of  time  the  samples  were  immersed  in 
the  coating  bath.  The  “bare”  sample  was  uncoated. 

Figure  14.  Corrosion  resistance  of  bare  2024-T3  surfaces  exposed  in  a  simulated  scratch 
cell  with  VCC,  CCC  or  uncoated  2024-T3  surfaces.  Corrosion  resistance  is  expressed  as 
Rc  determined  by  EIS.  The  cells  were  filled  with  0.1M  NaCl  solution.  2024-CCC  refers 
to  a  cell  constructed  with  a  bare  2024-T3  surface  and  a  chromate  conversion  coated  2024- 
T3  surface.  2024- VCC  refers  to  a  cell  constructed  with  a  bare  2024-T3  surface  and  a 
vanadate  conversion  coated  2024-T3  surface.  2024-2024  refers  to  a  cell  constructed  with 
two  bare  2024-T3  surfaces. 

Figure  15.  Evolution  of  the  vanadium  and  chromium  concentrations  in  the  simulated 
scratch  cell  solutions  as  determined  by  ICP-OE.  2024-CCC  refers  to  a  cell  constructed 
with  a  bare  2024-T3  surface  and  a  chromate  conversion  coated  2024-T3  surface.  2024- 
VCC  refers  to  a  cell  constructed  with  a  bare  2024-T3  surface  and  a  vanadate  conversion 
coated  2024-T3  surface.  2024-2024  refers  to  a  cell  constructed  with  two  bare  2024-T3 
surfaces. 

Figure  16.  Possible  reaction  processes  involved  in  VCC  formation,  (a)  water  addition  to 
the  primary  coordination  sphere  for  VO(OH)3  to  form  VO(OH)3(OH2)2-  (b)  Olation 
reaction  that  leads  to  vanadium  oxide  gel  formation.  The  octahedra  in  (b)  represent 
octahedrally  coordinated  V5+. 
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Figure  17.  Equilibrium  speciation  of  soluble  V5+  ions  in  aqueous  solutions  at  millimolar 
concentrations.  Adapted  from  C.F.  Baes,  Jr.,  R.  E.  Mesmer,  Hydrolysis  of  Cations,  p. 
210,  Robert  E.  Krieger  Publishing  Co.,  Malabar  FL  (1986). 


Research  and  Accomplishments  Part  III: 

Figure  1.  X-ray  diffraction  patterns  for  Al-Zn-decavanadate  and  Al-Zn-chloride 
hydrotalcite  compounds.  The  approximate  ratio  of  Zn  to  A1  in  these  compounds  is  2  to  1. 
Gallery  heights  are  calculated  from  the  difference  between  the  basal  plane  spacing  and 
the  thickness  of  the  Al-Zn-hydroxide  layer  (4.77A). 

Figure  2.  Schematic  illustration  of  the  layered  structure  in  hydrotalcite  compounds.  The 
structure  consists  of  alternating  layers  of  positively  charged  mixed  metal  hydroxide 
sheets  and  anions. 

Figure  3.  Schematic  illustration  of  anion  exchange  in  hydrotalcite  compounds. 

Figure  4.  Concentration  as  a  function  of  exposure  time  for  vanadium  and  zinc  in  0.5M 
NaCl  solution  in  contact  with  an  excess  of  Al-Zn-decavanadate  hydrotalcite  powder. 

Figure  5.  Optical  macrographs  of  2024-T3  coupons  coated  with  PVA  with  and  without 
HT-V  inhibitors  before  and  after  exposure  to  ASTM  B1 17  salt  spray. 

Figure  6.  Rc  (Rc0at)  for  PVA  coated  2024-T3  substrates  as  a  function  of  exposure  time  to 
aerated  0.5M  NaCl  solution.  (PVA/V-HT)  PVA  resin  containing  3  wt.%  Al-Zn- 
decavanadate  particulate  additive,  (PVA/V)  PVA  resin  with  3wt.%  NaV03  added,  (PVA 
only)  PVA  resin  with  no  additives. 

Figure  7.  (a)  Anodic  and  (b)  cathodic  polarization  curves  for  2024-T3  in  0.124M  NaCl 
solution  open  to  air  with  and  without  additions  of  0.1M  NaVCE. 

Figure  8.  Cathodic  polarization  curve  for  2024-T3  in  aerated  0.124M  NaCl  solution  with 
increasing  amounts  of  Zn2+  added  as  ZnCl2. 

Figure  9.  Optical  macrographs  of  coated  and  scribed  samples  exposed  to  aerated  0.5M 
NaCl  solution  for  400  hours.  Exposed  circular  areas  are  32  cm2. 

Figure  10.  X-ray  diffraction  patterns  from  Al-Zn-decavanadate  hydrotalcite  powder 
specimens,  (a)  unexposed,  (b)  exposed  to  deionized  water  for  22  days,  (c  )  exposed  to 
0.5M  NaCl  solution  for  22  days,  (d)  exposed  to  saturated  NaCl  solution  for  22  days. 
Boxed  region  contains  the  HT-V  006  reflection  at  about  16°  and  the  003  HT-chloride 
reflection  at  about  12°. 

Figure  11.  X-ray  diffraction  patterns  from  HT-V  dispersed  in  epoxy  resin  and  exposed  to 
aerated  0.5M  NaCl  solution  for  450  hours. 
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Research  and  Accomplishments  Part  IV: 

Figure  1.  Optical  macrographs  of  the  chromate-coated  positive  control  samples  at 
selected  times  during  the  salt  spray  exposure  experiment.  Three  replicate  panels  are 
shown.  Exposure  times  are  noted  under  each  set  of  replicates. 

Figure  2.  Optical  macrographs  of  the  samples  with  the  HT-V-pigmented  primer  over  a 
Ce/Mo  conversion  coating  at  selected  times  during  the  salt  spray  exposure  experiment. 
Three  replicate  panels  are  shown.  Exposure  times  are  noted  under  each  set  of  replicates. 

Figure  3.  Optical  macrographs  of  the  samples  with  an  HT-V-pigmented  primer  over  a  Ce 
conversion  coating  at  selected  times  during  the  salt  spray  exposure  experiment.  Three 
replicate  panels  are  shown.  Exposure  times  are  noted  under  each  set  of  replicates. 

Figure  4.  Optical  macrographs  of  the  neat  epoxy  negative  control  samples  at  selected 
times  during  the  salt  spray  exposure  experiment.  Three  replicate  panels  are  shown. 
Exposure  times  are  noted  under  each  set  of  replicates. 

Figure  5.  Optical  macrographs  of  the  HT-V-pigmented  epoxy  coatings  applied  to 
deoxidized  2024-T3  surfaces  at  selected  times  during  the  salt  spray  exposure  experiment. 
Three  replicate  panels  are  shown.  Exposure  times  are  noted  under  each  set  of  replicates. 

Figure  6.  Optical  macrographs  of  HT-V-pigmented  epoxy  over  a  vanadate  conversion 
coating  at  selected  times  during  the  salt  spray  exposure  experiment.  Three  replicate 
panels  are  shown.  Exposure  times  are  noted  under  each  set  of  replicates. 

Figure  7.  Optical  macrographs  of  neat  epoxy  coatings  applied  to  vanadate  conversion 
coated  samples  at  selected  times  during  the  salt  spray  exposure  experiment.  Three 
replicate  panels  are  shown.  Exposure  times  are  noted  under  each  set  of  replicates. 

Figure  8.  Optical  macrographs  of  the  HT-V-pigmented  epoxy  over  a  silane  pretreatment 
at  selected  times  during  the  salt  spray  exposure  experiment.  Three  replicate  panels  are 
shown.  Exposure  times  are  noted  under  each  set  of  replicates. 

Figure  9.  Optical  macrographs  of  HT-V-pigmented  epoxy  coatings  applied  to  Ce- 
inhibited  silane  pretreated  2024-T3  surfaces  at  selected  times  during  the  salt  spray 
exposure  experiment.  Three  replicate  panels  are  shown.  Exposure  times  are  noted  under 
each  set  of  replicates. 

Figure  10.  Optical  macrographs  of  CCC-SrCrtVepoxy  coating  after  selected  exposure 
times  during  UV  exposure.  Three  replicate  panels  are  shown.  Exposure  times  are  noted 
under  each  set  of  replicates. 

Figure  11.  Optical  macrographs  of  HT-V-pigmented  epoxy  coatings  applied  to  Ce-Mo 
conversion  coated  2024-T3  surfaces  after  selected  times  during  the  UV  exposure 
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experiment.  Three  replicate  panels  are  shown.  Exposure  times  are  noted  under  each  set  of 
replicates. 

Figure  12.  Optical  macrographs  of  HT-V-pigmented  epoxy  coatings  applied  to  Ce 
conversion  coated  2024-T3  surfaces  at  selected  times  during  the  UV  exposure 
experiment.  Three  replicate  panels  are  shown.  Exposure  times  are  noted  under  each  set  of 
replicates. 

Figure  13.  Optical  macrographs  of  neat  epoxy  coatings  applied  to  deoxidized  2024-T3 
surfaces  at  selected  times  during  the  UV  exposure  experiment.  Three  replicate  panels  are 
shown.  Exposure  times  are  noted  under  each  set  of  replicates. 

Figure  14.  Optical  macrographs  of  HT-V-pigmented  epoxy  coatings  applied  to 
deoxidized  2024-T3  surfaces  at  selected  times  during  the  UV  exposure  experiment.  Three 
replicate  panels  are  shown.  Exposure  times  are  noted  under  each  set  of  replicates. 

Figure  15.  Optical  macrographs  of  HT-V-pigmented  epoxy  coatings  applied  to  mandate 
conversion  coated  2024-T3  surfaces  at  selected  times  during  the  UV  exposure 
experiment.  Three  replicate  panels  are  shown.  Exposure  times  are  noted  under  each  set  of 
replicates. 

Figure  16.  Optical  macrographs  of  neat  epoxy  coatings  applied  to  vanadate  conversion 
coated  2024-T3  surfaces  at  selected  times  during  the  UV  exposure  experiment.  Three 
replicate  panels  are  shown.  Exposure  times  are  noted  under  each  set  of  replicates. 

Figure  17.  Optical  macrographs  of  HT-V-pigmented  epoxy  coatings  applied  to  silane 
pretreated  2024-T3  surfaces  at  selected  times  during  the  UV  exposure  experiment.  Three 
replicate  panels  are  shown.  Exposure  times  are  noted  under  each  set  of  replicates. 

Figure  18.  Optical  macrographs  of  HT-V-pigmented  epoxy  coatings  applied  to  Ce- 
inhibited  silane  pretreated  2024-T3  surfaces  at  selected  times  during  the  UV  exposure 
experiment.  Three  replicate  panels  are  shown.  Exposure  times  are  noted  under  each  set  of 
replicates. 

Figure  19.  Schematic  illustration  of  the  pull-off  adhesion  test  apparatus. 

Figure  20.  Pull-off  adhesion  strengths  of  coating  system  used  in  this  study.  Coating 
systems  are  identified  by  the  pretreatment  and  organic  coating  used. 

Figure  21.  Variation  of  total  impedance,  |Z|,  with  time  for  salt  spray  tested  coatings. 

Figure  22.  Variation  of  pore  resistance,  Rp,  with  time  for  salt  spray  tested  coatings. 

Figure  23.  Variation  of  low  frequency  phase  angle,  -0,  with  time  for  salt  spray  tested 
coatings. 
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Figure  24.  Variation  of  coating  capacitance,  C,  with  time  for  salt  spray  tested  coatings. 

Figure  25.  Variation  of  total  impedance,  |Z|,  with  time  for  UV-exposed  coatings. 

Figure  26.  Variation  of  pore  resistance,  Rp,  with  time  for  UV-exposed  coatings. 

Figure  27.  Variation  of  low  frequency  phase  angle,  -0,  with  time  for  UV-exposed 
coatings. 

Figure  28.  Variation  of  coating  capacitance,  C,  with  time  for  UV-exposed  coatings. 
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Executive  Summary 


Because  of  increasing  regulatory  pressure  to  eliminate  chromium  from  surface 
finishing,  the  Department  of  Defense  (DOD)  and  Department  of  Energy  (DOE)  have 
committed  to  replace  chromate-based  metal  finishing  in  present  and  next  generation 
systems.  At  issue  is  whether  this  change  will  occur  in  a  timely  manner  without 
performance  or  cost  penalties  that  could  compromise  operational  readiness.  Additionally, 
undue  delay  in  determining  and  implementing  new  corrosion  protection  practices  poses 
enormous  risk  for  existing  assets.  To  facilitate  this  transition  an  understanding  of 
important  functions  of  chromate  corrosion  protection  that  must  be  replicated  in  new 
surface  finishing  methods  is  needed.  This  study  was  carried  out  to  address  those  needs. 

The  results  of  this  and  related  studies  show  that  the  oxoanions  of  hexavalent 
chromium  uniquely  inhibit  the  corrosion  of  many  metals  and  alloys  and  have  been 
particularly  useful  for  protecting  the  high  strength  aluminum  alloys  against  corrosion. 

Part  of  the  usefulness  of  hexavalent  chromium  lies  in  its  ability  to  react  with  metallic 
surfaces  to  form  an  inert  Cr3+  oxide  barrier  with  retained,  releasable  Cr6+.  The  ability  of 
absorbed  and  reduced  Cr6+  (forming  Cr3+  hydroxide)  to  inhibit  the  reduction  of  oxygen 
represents  its  main  role  in  inhibiting  corrosion  though  other  components  of  corrosion 
protection  do  exist.  For  example,  speciated  as  an  oxoanion,  Cr6+  appears  to  have  an 
ability  to  inhibit  pit  initiation.  Chromate  conversion  coatings  offer  an  especially  attractive 
mix  of  characteristics  including  ease  of  application  on  a  wide  range  of  substrates,  good 
corrosion  resistance,  and  good  adhesion.  Supplemental  bath  ingredients  such  as  F'  and 
Fe(CN)63’  are  essential  in  making  robust  conversion  coatings.  Coating  formation  can  be 
appropriately  understood  in  the  context  of  a  sol-gel  process.  Freshly  formed  conversion 
coating  gels  are  well  hydrated,  and  coating  properties  change  dramatically  as  the  gel 
dries.  This  has  a  range  of  practical  consequences  ranging  from  loss  in  corrosion 
resistance  to  loss  of  adhesion. 

In  follow-on  work,  an  idea  for  a  Cr-free  conversion  coating  involving  vanadate 
chemistry  was  devised  and  demonstrated.  This  approach  was  based  on  the  fundamental 
understanding  of  chromate  corrosion  protection  developed  over  the  past  10  years. 
Electrochemical  testing  was  used  to  confirm  earlier  reports  of  A1  corrosion  inhibition  by 
soluble  vanadates.  In  near-neutral  solutions  vanadate  increased  the  pitting  potential  and 
decreased  the  oxygen  reduction  reaction  rate  on  2024-T3.  Impedance  experiments 
suggested  that  slow  film  formation  occurred  on  A1  in  contact  with  vanadate-bearing 
solutions.  Vanadate  conversion  coatings  were  produced  by  immersion  in  a 
NaV03/K3Fe(CN)6/NaF  solution  with  a  pH  of  about  1.7.  Coatings  formed  spontaneously 
at  room  temperature  in  a  matter  of  minutes.  Coating  formation  appeared  to  involve 
hydrolysis,  condensation  and  polymerization  to  produce  a  hydrated  vanadium  oxide, 
which  is  triggered  by  a  slight  increase  in  the  pH  of  the  metal- solution  interface.  The 
resulting  coating  was  yellow  in  appearance  and  continuous  across  the  sample  surface. 

The  coating  was  non-crystalline  and  consisted  of  vanadium  in  several  oxidation  states  as 
well  as  other  ingredients  in  the  coating  bath.  Coating  formation  was  very  sensitive  to  bath 
pH  and  the  presence  of  K3Fe(CN)6.  VCCs  provided  excellent  corrosion  protection  in  salt 
spray  and  constant  immersion  tests.  Polarization  experiments  showed  that  VCCs 
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increased  resistance  to  pitting  and  suppressed  oxygen  reduction  reactions.  Simulated 
scratch  cell  experiments  suggested  that  VCCs  were  also  self-healing  in  a  manner  that 
closely  resembles  this  characteristic  in  chromate  conversion  coatings. 

In  yet  another  phase  of  this  work,  a  new  idea  for  a  Cr-free  pigment  for  organic 
coatings  was  devised  and  demonstrated  based  on  the  understanding  developed  with 
respect  to  chromate-bearing  organic  coatings.  The  basic  aspects  of  corrosion  protection, 
enabled  by  Al-Zn-decavanadate  hydrotalcite  pigments  in  epoxy,  were  demonstrated.  In 
these  coatings,  corrosion  protection  originated  from  release  of  vanadates  and  Zn2+,  which 
are  anodic  and  cathodic  inhibitors  respectively  for  A1  alloys.  Corrosion  protection  due  to 
leaching  of  these  two  inhibitors  was  sufficient  to  suppress  corrosion  in  scribes  exposing 
underlying  bare  metal  during  exposure  to  salt  spray  testing.  Corrosion  sensing  consists  of 
detection  of  electrolyte  permeation  into  coatings,  which  is  often  a  prelude  to  corrosion 
under  coatings.  This  is  achieved  by  exploiting  the  change  in  basal  plane  spacing  in 
hydrotalcites  that  accompanies  ion  exchange.  In  this  case,  inhibiting  decavanadate  ion  is 
exchanged  for  chloride  or  sulfate  contained  in  the  attacking  electrolyte.  Inhibitor  is 
released,  attacking  ions  are  taken  up  and  nucleate  a  new  hydrotalcite  phase  with  different 
basal  plane  spacing.  The  presence  of  this  new  phase  can  be  detected  remotely  by  x-ray 
diffraction.  Taken  together,  these  results  showed  that  the  use  of  hydrotalcite  pigments  in 
organic  coatings  may  lead  to  new  coatings  with  useful  levels  of  corrosion  protection  for 
A1  alloys  and  can  enable  a  new  means  for  determining  when  coating  replacement  is 
warranted. 

Overall,  these  studies  have  demonstrated  that  high  levels  of  coating  performance 
can  be  achieved  with  novel  coatings  systems.  Corrosion  resistance  and  adhesion  levels  of 
these  simple  and  rudimentary  coatings  approach  that  of  incumbent  chromate-bearing 
coating  systems.  It  should  be  noted  that  no  attempts  to  optimize  coating  formulation  or 
application  were  made  in  this  study.  Optimization  in  this  regard  can  be  expected  to  result 
in  considerable  improvements  in  coating  performance. 

Future  efforts  dedicated  towards  optimization  of  formulations  and  application 
using  chemistries  based  on  those  examined  here  appear  to  have  a  high  likelihood  of 
achieving  chromate-like  coatings  system  performance. 
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Objectives 


This  project  was  carried  out  in  two  phases.  The  objectives  for  each  phase  were  as 
follows. 

The  objectives  of  this  program  were  to  develop  the  understanding  and  information 
required  to  1)  leave  behind  mature,  familiar,  and  trusted  chromate-based  corrosion 
protection  technologies;  2)  understand  the  key  functional  attributes  of  chromate  coatings 
and  devise  strategies  for  duplicating  these  attributes  using  environmentally  friendly 
chemistries;  and  3)  develop  the  information  to  confidently  match  chromate-free  processes 
with  application  given  the  myriad  of  technologies  currently  vying  for  acceptance.  These 
program  objectives  were  addressed  by: 

•  Explicitly  recognizing,  understanding,  and  mitigating  the  effects  of 
micros tructural  heterogeneity  in  aluminum  alloys  on  chromate  and 
chromate-free  conversion  coating. 

•  Establishing  the  structure,  chemistry,  and  performance  profiles  for 
chromate  coatings  as  applied  in  military  depots,  and  associated  OEM 
facilities  so  that  chromate-free  coating  formulators  have  realistic 
processing  and  performance  goals  to  work  towards. 

•  Determining  the  extent  to  which  application  method,  coating  age,  and 
alloy  substrate  chemistry  affect  the  self-healing  nature  of  chromate 
coatings 

•  Developing  rapid,  quantitative,  and  predictive  diagnostic  tests  to 
stimulate  the  rate  of  chromate  free  coating  development  and 
implementation 

This  project  was  carried  out  as  a  four-year  collaborative  effort  involving 
investigators  from  Ohio  State  University  (OSU),  the  Air  Force  Research  Laboratories 
(AFRL),  and  the  Army  Research  Laboratory  (ARL). 

The  objectives  of  the  second  phase  of  the  program  were  to  demonstrate  one  or 
more  completely  Cr-free  coating  systems  suitable  for  high-performance  military 
applications  where  thin  coat  corrosion  protection  is  required. 

Coating  systems,  as  studied  in  this  program,  consisted  of  surface  cleaning, 
conversion  coating  and  corrosion  inhibiting  organic  coating.  Suitability  for  high- 
performance  applications  were  determined  by  performance  in  standardized  tests  for 
chromated  coating  systems  described  in  MIL-P-23377  "Performance  Specification, 
Primer  Coatings:  Epoxy,  High-Solids",  with  a  special  focus  on  the  corrosion  resistance 
requirement  established  in  this  specification.  To  meet  this  overall  program  objective, 
several  supporting  objectives  also  needed  to  be  met: 
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•  Demonstration  of  conversion  coatings  with  robust  corrosion  protection  derived 
from  anodic  inhibition,  cathodic  inhibition  and  self-healing,  and/or 

•  Demonstration  of  conversion  coatings  with  exceptional  adhesion  promoting 
capabilities  for  subsequently  applied  primers  and  paints. 

•  Development  of  Cr-free  inhibiting  pigments  for  primer  coatings  that  are 
sufficiently  soluble  to  provide  high  corrosion  resistance,  but  do  not  promote 
osmotic  blistering. 
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Project  Background 


The  Department  of  Defense  (DOD)  and  Department  of  Energy  (DOE)  have 
committed  to  replace  chromate-based  metal  finishing  in  present  and  next  generation 
systems.  At  issue  is  whether  this  change  will  occur  in  a  timely  manner  without 
performance  or  cost  penalties  that  could  compromise  operational  readiness.  Additionally, 
undue  delay  in  determining  and  implementing  new  corrosion  protection  practices  poses 
enormous  risk  for  existing  assets.  Faced  with  the  request  from  the  user  community  for 
chromate-free  corrosion  protection,  the  coatings  science  and  technology  community  has 
been  unable  to  deliver.  This  situation  exists,  in  part,  because  chromate  corrosion 
protection  has  some  rare,  and  perhaps  unique  attributes.  It  also  exists  because  chromates 
have  been  used  on  many  different  metals  and  alloys  in  a  vast  range  of  applications. 
Consequently,  the  understanding  of  chromate  corrosion  protection  is  broad  but,  arguably, 
not  deep.  The  chromate-replacement  problem  has  clearly  exposed  the  lack  of  depth  in  our 
understanding.  For  example,  we  cannot  account  for,  or  predict  in  any  quantitative  way, 
the  effect  of  alloy-to-alloy  microstructural  variations  in  the  effectiveness  of  chromate  or 
chromate-free  corrosion  protection.  We  do  not  understand  how  to  duplicate  self-healing 
action  thought  to  be  key  in  chromate  corrosion  protection.  We  do  not  understand  the 
range  in  performance  exhibited  by  chromate  coatings  as  applied  in  the  field.  We  do  not 
have  a  suite  of  test  methods  that  permit  quantitative,  discriminating,  and  predictive 
evaluation  suitable  for  both  chromate  and  chromate-free  corrosion  protection.  Sound, 
strategic  investments  in  chromate  elimination  research  and  development  have  been  made, 
but  these  issues  require  special  attention  to  successfully  cross  the  chromate-free  corrosion 
protection  threshold.  This  proposal  is  offered  as  an  attempt  to  address  these  issues  in  a 
way  that  will  permit  timely  and  effective  chromate  replacement  without  risk  to  valuable 
assets. 
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Results  and  Accomplishments  Part  I: 

Corrosion  Inhibition  of  A1  and  A1  Alloys  by  Soluble 
Chromates,  Chromate  Coatings,  and  Chromate-Free  Coatings1 


ABSTRACT 

In  this  review,  aspects  of  corrosion  protection  of  aluminum  and  aluminum  alloys 
by  soluble  chromate  inhibitors,  chromate  conversion  coatings  and  selected  Cr-free 
conversion  coatings  are  presented.  The  review  covers  the  aqueous  chemistry  of 
chromium,  and  the  origins  of  chromium  toxicity.  Evidence  from  older  and  more  recent 
studies  is  presented  showing  that  inhibition  of  A1  corrosion  is  derived  from  both 
inhibition  of  oxygen  reduction,  and  inhibition  of  metal  dissolution  reactions  due  mainly 
to  a  delay  in  the  onset  of  pitting.  Inhibition  of  corrosion  by  chromates  appears  to  be 
closely  linked  to  their  ability  to  irreversibly  adsorb  on  to  metal  and  oxide  surfaces.  With 
respect  to  chromate  conversion  coatings  (CCCs),  the  evolution  of  modem  coating 
formulations  is  presented  with  a  focus  on  key  advances  that  led  to  process  simplification, 
and  improved  coating  performance.  The  current  understanding  of  CCC  formation, 
protection  and  aging  is  presented.  In  the  last  section  of  the  paper,  processing  and 
properties  of  selected  chromate-free  conversion  coating  chemistries  is  discussed.  This 
discussion  focuses  on  coatings  that  offer  particularly  attractive  attributes  such  as  self- 
healing,  excellent  adhesion. 


INTRODUCTION 

The  unique  chemical  and  electronic  properties  of  the  oxo-compounds  of 
chromium,  Cr  (valence  electronic  structure  3d5  4s1  [1]),  gives  them  a  seemingly  unique 
ability  to  inhibit  corrosion  in  ferrous  and  non-ferrous  materials.  The  electronic  properties 
of  Cr  allow  for  very  different  behaviors  for  the  oxo-  and  hydroxo-compounds  of  Cr6+  and 
Cr3+.  The  tetrahedral,  d°,  hexavalent  oxoanion  compounds  of  chromium  (chromate, 
dichromate,  bichromate  and  chromic  acid)  dissolve  as  stable  complexes  in  water, 
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transport  easily  and  adsorb  on  oxide  surfaces.  The  octahedral,  d  ,  trivalent  compounds  of 
Cr  form  very  stable,  kinetically  inert  refractory  oxides.  Bulk  Cr3+  hydroxides  form  by  sol- 
gel  polymerization,  giving  rise  to  well  hydrated  amorphous  materials  [2],  Chromate 
conversion  coatings  form  on  aluminum  through  reduction  of  Cr6+  (dichromate)  in 
solution.  Conversion  coating  solutions  are  usually  acidic  with  solution  pH  in  the  range  of 
1.6.  Coating  formation  is  assisted  by  sodium  fluoride  additions,  which  activate  the  A1 
surface  and  by  an  "accelerator",  often  potassium  ferricyanide,  which  increases  the  coating 
formation  rate.  The  subsequent  film  formation  probably  proceeds  by  this  sol-gel  route 
[3].  The  chemical  and  electronic  variety  found  in  Cr  chemistry  leads  to  the  ability  of 
Cr6+oxoanions  to  inhibit  corrosion.  Unfortunately,  the  mobility  of  aqueous  Cr6+  within 


1  Published  in  Corrosion,  59,  379-400  (2003). 
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biological  systems  and  its  reactivity  with  biochemical  oxidation  mediators  make  it  both 
highly  toxic  and  carcinogenic.  As  such,  there  is  a  high  motivation  to  eliminate  Cr6+  from 
the  manufacturing  environment  despite  its  technical  utility  as  a  corrosion  inhibitor. 

Cr6+  compounds  find  use  for  protecting  structural  materials  and  functional 
materials  for  electrical  service.  Cr6+  compounds  protect  aluminum  and  other  light  alloys 
used  in  the  aircraft  and  aerospace  industry  and  are  contained  in  deoxidizers,  conversion 
coatings,  sealants  and  paints.  Cr6+  also  forms  protective  coatings  on  high-strength  steel 
fasteners  used  in  both  the  aerospace  and  automotive  industries.  Rinses  for  phosphate 
coatings  and  paints  used  as  primers  for  ferrous  and  aluminum  alloys  also  contain  Cr6+. 
Identification  of  ways  to  eliminate  or  reduce  the  use  of  Cr6+  compounds  in  corrosion 
protection  schemes  requires  a  comprehensive  understanding  of  the  corrosion  inhibition 
mechanism  of  hexavalent  chromium  in  the  context  of  its  history  and  prospective 
replacements.  The  corrosion  protection  of  aluminum  alloys  and  the  current  consensus  on 
the  mechanisms  by  which  Cr6+  provides  corrosion  protection  for  aluminum  alloys  will 
form  the  framework  for  this  review. 


AQUEOUS  CHEMISTRY 

Cr6+  is  readily  hydrolyzed  in  aqueous  solution  and  exists  as  an  oxoanion  in  all  but 
the  most  acidic  conditions.  Hydrolysis  of  Cr6+  is  directly  related  to  corrosion  inhibition 
because  it  affects  speciation,  adsorption,  transport,  and  condensation  processes,  which  all 
have  roles  in  chromate  corrosion  protection.  Unfortunately,  hydrolysis  and  subsequent 
speciation  of  Cr6+  oxoanions  compounds  is  often  neglected  in  studies  of  inhibition.  Even 
if  pH  is  maintained  constant  for  a  particular  experiment,  interpretation  is  complicated 
because  the  relative  distribution  of  Cr6+  between  the  mononuclear  bichromate  anion, 
HCrOf,  and  binuclear  dichromate  anion,  Cr2C>7  varies  with  concentration  [4], 
Corrosion  inhibition  of  A1  and  A1  alloys  is  detected  in  chromate  solutions  with  widely 
varying  pH  and  it  is  likely  that  each  of  the  oxo-Cr6+  oxoanions  that  exist  provide  some 
level  of  corrosion  protection.  A  possible  exception  to  this  is  the  fully  protonated  H2Cr04, 
which  exists  in  strongly  acidic  solutions.  Evidence  suggests  that  this  species  exists  in 
active  pits,  but  does  not  inhibit  because  it  is  not  charged  and  cannot  adsorb  of  interact 
with  the  corroding  surface  [5].  Clearly,  a  detailed  understanding  of  the  complex  Cr6+ 
oxoanion  equilibria  becomes  important  when  interpreting  corrosion  kinetic  data  obtained 
as  a  function  of  total  Cr6+  concentration.  Hence,  a  summary  of  the  aqueous  Cr6+ 
chemistry  follows. 


The  speciation  of  Cr6+  oxoanions  in  aqueous  solution  involves  the  following 
equilibria  [6-9]: 


H2Cr04  4 — >  H+  +  HCrO/f 
HCrOT  H+  +  Cr042' 


Ki  =0.18  (eq.2) 

K2  =  3.2x1  O'7  (eq.  3) 
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(eq.  4). 


2HCr(V  « — >  Cr2072'  +  H20  K3  =  98 


Letting  x  =  [H2CrC>4]  and  h  =  [H+]  : 


r  ^  _n  K,x 

[HCr04  ]  - 

h 

(eq.  5) 

r  _  _2  n  K,K^x 
[Cr(f4  ]-  12 

h 

(eq.  6) 

[Cr202  ]  -  K^2  X 

(eq.  7) 

Mass  balance  requires  all  the  Cr6+  in  the  respective  species  sum  to  the  total 
concentration  of  Cr6+,  C: 


K,x  K,K,x  „ 
x  +  — —  +  12  +2 

h  h2 


K&x1 

h 2 


-C  =  0 


(eq.  8). 


For  a  given  pH  and  total  chromate  concentration,  C,  the  concentrations  of  the  individual 
species  may  be  determined  by  solving  Eq.  8  for  [H2CrC>4]  and  substituting  this 
concentration  into  equations  5  through  7.  Eq.  8  is  a  quadratic  equation  of  the  form  ax2  + 
bx  +  c  =  0,  whose  roots  are  given  by: 


-b  ±  -Jib2  -4 ~ac) 
2  a 


(eq.  9) 


where  x  =  [H2CrC>4],  and 


a  - 


IK^Kl 

h2 


b  = 


■  k,(\+k,) 
h 


c  =  -C 


The  real  root  of  Eq.  9  has  physical  meaning,  and  is  used  to  calculate  the  relative 
concentration  of  the  various  Cr6+  oxoanion  species  as  a  function  of  total  chromium 
concentration,  C,  and  pH.  The  calculation  will  be  as  accurate  as  the  equilibrium 
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constants,  which  actually  depend  to  a  degree  on  the  ionic  strength  of  the  solution.  K3,  for 
example,  approaches  33  as  the  ionic  strength  approaches  0  [6-9],  However,  it  is  quite 
reasonable  to  use  the  constants  expressed  in  Eqs.  2-4  for  solutions  with  ionic  strengths 
between  0.01  and  0.5  M. 

Figures  la-b  show  the  calculated  concentrations  of  the  respective  Cr6+  species 
involved  in  the  reaction  equilibria  shown  in  Eqs.  2-4.  The  key  results  from  this  analysis 
are  the  following: 

•  In  acidic  environments  (pH  2-4)  HCrCV  dominates  for  low  total  Cr6+ 

6  2 

concentrations  ( 10“  M)  (Fig.  la);  whereas  Cr207 '  dominates  for  higher 
concentrations  of  total  chromium  (Fig.  lb). 

•  The  chromate  anion,  Cr(V  ' ,  dominates  at  pH  greater  than  7  (Figs.  la-b). 

•  At  very  low  pH,  HCrCV  anion  protonates  to  form  H2Cr04. 

Results  from  Raman  spectroscopic  experiments  confirm  the  validity  of  these  calculations 
[5,  10,  11],  The  concentration  of  HCrCV  in  pits  and  adsorption  on  aluminum  corrosion 
product  surfaces  has  been  reported  [10].  Recent  analysis  of  anodized  A1  1100  using  a 
piezo-electrokinetic  (PEK)  method  shows  that  HCrCV  absorbs  on  anodized  oxide 
surfaces  at  near  neutral  solution  pH  values  to  lower  the  charge.  The  PEK  method  uses  an 
acoustic  pulse  to  shear  the  double  layer  adjacent  to  the  internal  surface  of  the  pores  in 
anodized  aluminum.  The  magnitude  and  sign  (phase)  of  the  voltage  response  depends  on 
the  fixed  charge  on  the  surface  within  the  pore.  In  the  absence  of  chromate,  the  PEK 
signal  at  neutral  pH  is  high  and  positive.  The  addition  of  chromate  lowers  this  charge  as  a 
result  of  specific  adsorption  as  seen  in  the  decrease  in  the  PEK  signal  at  neutral  pH  and 
its  reversal  in  sign  above  pH  8.  However,  with  decreasing  pH,  the  following  reaction 
shifts  to  the  left  increasing  the  concentration  of  HCrCV: 

3HCr<V  <->  Cr042'  +  Cr2072‘  +  H+  +  H20  (eq.  10). 


With  decreasing  pH,  the  PEK  response  is  not  diminished  as  strongly  as  in  neutral  solution 
(Figure  2)  [12],  This  result  suggests  that  HCrCV  and  eventually  H2Cr04,  which  forms 
under  very  acidic  conditions,  do  not  adsorb  extensively  on  oxide  surfaces  and  may  not  be 
contributing  strongly  to  corrosion  inhibition.  Figure  lc  shows  the  Cr6+  oxoanion 
distribution  for  a  solution  having  a  concentration  of  Cr6+  typical  of  that  of  a  commercial 
conversion  coating  (0.050  -  0.075M).  As  can  be  seen  from  Figure  lc,  in  the  bath  pH 
region  around  pH  2,  Cr2072'  (80%)  and  CrO42'(20%)  oxoanions  dominate. 
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Figure  2.  Relative  piezo-electrokinetic  response  (unitless)  as  a  function  of  pH  for  0.0 IF  oxo-Cr6+,  and 
0.01  M  sodium  nitrate  or  hydroxide. 
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TOXICITY 


A  recent  review  [13]  cites  earlier  studies  [14]  that  document  Cr6+  as  a  human 
carcinogen  associated  with  lung  cancer.  It  is  not  the  static  presence  of  Cr3+or  Cr6+  that 
contributes  directly  to  the  DNA  damage  that  leads  to  cancer.  Rather,  the  molecular  debris 
associated  with  the  process  of  Cr6+  to  Cr3+  reduction  induces  the  critical  changes  in  DNA. 
Evidence  supporting  this  idea  comes  from  in  vitro  studies  showing  that  chromate  alone 
does  not  damage  DNA  in  the  absence  of  reducing  agents  [13].  In  fact,  it  is  the  biological 
anti-oxidants,  such  as  ascorbate,  glutathione,  and  L-cystine  that  lead  to  DNA  damage  [15, 
16].  One  mechanistic  hypothesis  for  Cr6+-induced  DNA  damage  entails  a  Fenton-type 
reaction  that  lowers  Cr  oxidation  state  and  catalyzes  the  formation  of  OH  radical  from 
H202: 


Cr(n-l)  +  H202  — »  *OH  +  OH"  +  Cr(n)  (eq.  11). 


The  intracellular  reaction  of  Cr6+  in  the  presence  of  reducing  agents  produces  Cr5+,  Cr4+, 
Cr3+,  free  radicals,  and  reactive  oxygen;  all  of  which  are  potentially  genotoxic.  A  specific 
example  of  this  process  involves  reaction  of  Cr6+  with  ascorbic  acid  to  form  Cr5+,  Cr4+, 
and  carbon-based  free  radical.  This  illustrates  the  idea  that  oxidation  mitigation  provided 
by  small  intracellular  molecules,  such  as  ascorbic  acid,  actually  contributes  to  damage  of 
DNA  [17]. 

Alternative  mechanisms  to  the  Fenton- type  interaction  have  been  proposed  by 
Lay  et  al.  [18],  who  suggest  that  the  DNA-damaging  species  are  the  peroxo-complexes  of 
Cr4+  and  Cr5+.  This  mechanism  does  not  require  the  formation  of  the  *OH  radical.  These 
authors  do  not  rule  out  the  direct  oxidation  of  DNA  by  Cr4+  or  Cr5+  species.  The  presence 
of  intracellular  alpha  hydroxy-carboxylic  acids  R-C(OH)COOH  tends  to  stabilize  Cr5+. 

Although  there  is  no  general  agreement  on  the  details  for  the  Cr6+  induced  damage  to 
DNA,  the  following  points  are  clear: 

•  Cr6+  is  highly  water  soluble  and  passes  through  cell  membranes. 

•  Small  molecule  antioxidants  such  as  ascorbate,  glutathione  and  L-cystine  appear  to 
form  highly  reactive  intermediates  such  as  Cr5+  stabilized  by  alpha  hydroxy 
carboxylates  and  Cr4+,  which  in  turn  react  either  directly  or  through  free  radical 
intermediates  to  damage  DNA. 

A  relation  between  the  mechanism  of  Cr6+  toxicity  to  corrosion  inhibition 
mechanisms  is  not  obvious  or  expected.  However,  the  existence  of  Cr4+  and  Cr5+ 
complexes  in  the  aqueous  intercellular  environment  leads  to  the  question  of  the 
significance  of  such  species  in  corrosion  inhibition.  For  example,  are  similar  species 
responsible  for  the  very  rapid  deactivation  of  cathodic  sites  on  metallic  surfaces  during 
the  reduction  of  Cr6+  to  the  passivating  Cr3+  oxide?  Are  traces  of  Cr4+  and  Cr5+  present  in 
conversion  coatings  or  chromate-containing  paint  films?  Do  they  have  any  role  in 
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corrosion  protection?  The  authors  know  of  no  active  research  considering  the  role  of 
these  intermediate-valent  Cr  species.  Definition  of  the  role  of  corrosion  inhibition  by  Cr6+ 
will  not  be  complete  until  the  importance  of  these  organic-stabilized  intermediate-valence 
state  species  are  considered.  Such  considerations  could  have  important  implications  for 
the  mechanism  of  inhibition  by  chromate  pigments  in  paints.  Stable  Cr5+  can  be 
synthesized  [19]  and  used  for  such  investigations. 

MECHANISM  OF  INHIBITION 

Recent  investigation  [20-24]  of  corrosion  protection  by  chromates  and  chromate 
conversion  coatings  has  focused  on  a  number  of  specific  working  hypotheses  regarding 
the  mechanisms  of  inhibition.  They  can  be  condensed  to  the  following  statements.  Cr6+ 
oxoanions: 

•  being  highly  soluble  and  very  mobile  in  solution,  are  transported  to  sites 
of  localized  corrosion  where  they  are  reduced  to  Cr3+  and  irreversibly 
adsorbed  at  metal  surfaces  where  they  inhibit  oxygen  reduction. 

•  inhibit  pit  initiation  of  A1  and  dissolution  of  active  intermetallic  phases  in 
A1  alloys. 

•  modify  the  chemical  composition  of  the  surface  of  passive  oxides  and 
passivated  intermetallic  phases  by  adsorption  and  buffering. 

•  adsorb  on  aluminum  oxides,  lowering  the  zeta  potential,  thereby 
discouraging  adsorption  of  anions  such  as  chloride,  which  promote 
dissolution  and  destabilization  of  protective  oxides. 

Chromate  conversion  coatings: 

3_i_ 

•  provide  good,  hydrophobic  Cr  hydroxide  barrier  with  adhesion- 
promoting  chemical  and  mechanical  properties. 

•  store  Cr6+  oxoanions  that  can  be  slowly  released  into  an  attacking  solution. 
Released  ions  can  migrate  to  and  interact  at  defects  to  stifle  corrosion. 

•  inhibit  anodic  and  cathodic  reactions,  at  least  temporarily,  leading  to 
corrosion  inhibition. 

Some  of  these  hypotheses  are  better  established  than  are  others.  There  appears  to 
be  very  good  agreement  that  chromate  conversion  coatings  not  only  contain  [25-30],  but 
also  release  [29,  31,  32]  hexavalent  chromium  to  repair  defects  and  damage  of  the 
conversion  coating.  Since  chromium  hydroxide  coatings  are  already  very  good  barriers 
on  light  alloys  [33],  the  addition  of  active  corrosion  protection  by  release  of  stored 
inhibitor  makes  for  a  highly  corrosion  resistant  coating. 
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Recent  research  has  focused  on  several  key  issues  in  chromate  corrosion 
inhibition  including  the  relative  contributions  of  anodic  and  cathodic  inhibition  to  overall 
protection,  the  effect  of  chromates  on  the  compositional  and  morphological  changes  in 
the  vicinity  of  intermetallic  phases  in  A1  2024-T3,  the  effect  of  chromate  on  dealloying  of 
Cu-rich  intermetallic  phases,  and  slow  release  of  Cr6+  by  coatings  and  the  subsequent 
"self-healing"  effect  that  occurs.  The  following  sections  highlight  relevant  aspects  of 
research  in  these  areas. 

Microstructure  of  2024-T3.  Much  of  the  recent  research  on  chromate  inhibition  has 
been  carried  out  in  the  context  of  corrosion  and  inhibition  of  A1  alloy  2024-T3.  The 
nominal  composition  of  this  alloy  is  4.4%Cu,  1.5%Mg,  0.6%Mn,  and  lesser  amounts  of 
Fe,  Si  and  impurity  element  allowables  [34],  The  balance  of  the  alloy  is  aluminum.  The 
"T3"  designation  indicates  that  the  alloy  was  solution  annealed,  quenched  and  aged  at 
ambient  temperatures  to  a  substantially  stable  condition  [35],  This  alloy  is  of  interest 
because  it  is  a  main  alloy  used  in  aircraft  fuselage  structures.  It  is  important  to  recognize 
that  in  most  modem  aircraft  an  "Alclad"  variant  of  the  2024-T3  is  used.  Alclad  2024-T3 
has  a  thin  layer  of  commercially  pure  A1  applied  to  enhance  corrosion  resistance  [36]. 

The  Alclad  layer  is  easily  removed  exposing  the  underlying  2024-T3  core  in  maintenance 
operations  where  grinding-out  of  cosmetic  corrosion  surfaces  is  routine.  Corrosion 
protection  of  the  2024-T3  core  then  becomes  an  issue,  especially  for  older  aircraft  that 
have  experienced  many  depot  maintenance  cycles. 

In  recent  years,  the  metallurgical  characteristics  of  2024-T3  that  affect  the 
localized  corrosion  behavior  have  been  studied  in  some  detail  [37-45],  Several  important 
highlights  are  discussed  here.  Alloy  2024  contains  a  distribution  of  constituent  particles 
that  range  in  size  from  about  0. 1  to  a  few  micrometers  in  diameter.  These  second  phase 
particles  are  enriched  in  the  various  alloying  elements.  These  particles  form  during  the 
original  solidification  of  the  cast  billet  and  are  not  dissolved  to  any  great  extent  during 
subsequent  thermomechanical  processing.  The  predominant  chemical  types  present  in 
2024  are  Al-Cu-Mn-Fe  particles  whose  chemistry  ranges  from  Al7Cu2Fe  to  Al2oCu3Mn. 
Constituent  0  phase,  ALCu,  and  S  phase,  AfCuMg  can  also  be  present  in  the  alloy.  The  0 
phase  tends  to  be  the  more  predominant  of  the  two  phases  in  alloys  with  a  higher  Cu:Mg 
ratio.  S  phase  predominates  at  lower  Cu;Mg  ratios  [46]. 

These  particles  are  usually  noble  with  respect  to  the  surrounding  matrix,  and  tend 
to  localize  corrosion  to  the  matrix  phase  at  the  particle  periphery  during  exposure  to 
aggressive  aqueous  environments.  These  particles  support  reduction  reactions  at 
enhanced  rates,  which  leads  to  this  localized  dissolution;  perhaps  assisted  by  local 
alkalinization  that  occurs  near  the  particle  due  to  the  cathodic  activity  at  the  particle  [45]. 

Localized  corrosion  at  S  phase  particles  is  more  complex  [38,  39,  45].  S  phase 
particles  are  initially  active  with  respect  to  the  surrounding  matrix  phase.  These  particles 
will  dealloy,  become  enriched  with  Cu  and  ennobled  to  such  an  extent  that  their  galvanic 
relationship  to  the  matrix  is  reversed.  Under  certain  conditions,  these  particles  have  been 
observed  to  dealloyed  to  such  an  extent  that  they  appear  to  be  selectively  dissolved  [45]. 
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Alloy  2024-T3  also  contains  homogenous  distribution  of  Cr,  Mn  and  Si 
dispersoids  [47],  It  also  contains  a  dispersion  of  S  phase  laths  that  form  during  natural  or 
artificial  aging  [47].  None  of  these  phases  has  been  directly  implicated  in  localized 
corrosion  phenomena  in  the  alloy  in  the  T3  temper. 

Inhibition  of  the  oxygen  reduction  reaction  (ORR).  Inhibition  of  cathodic  kinetics  has 
been  recognized  for  sometime,  but  recently  this  issue  has  gained  increased  attention. 
Chromates  are  excellent  inhibitors  of  oxygen  reduction  in  near  neutral  and  alkaline 
solutions.  In  these  environments,  they  can  stifle  corrosion  by  suppressing  this  cathodic 
partial  reaction.  The  inhibition  mechanism  appears  to  involve  reduction  of  Cr6+  to  Cr3+  at 
a  metal  surface  and  formation  of  an  irreversibly  absorbed  Cr  hydroxide  surface  layer  of 
near-monolayer  thickness  [48], 

Chromate  is  a  very  powerful  cathodic  inhibitor  even  at  high  chloride: chromate 
ratios.  Cathodic  polarization  curves  collected  for  2024-T3  in  a  base  solution  of  oxygen- 
sparged  1.0M  NaCl,  oxygen  reduction  reaction  rate  is  reduced  by  about  an  order  of 
magnitude  (at  -0.80Vsce)  by  addition  of  10'5  M  Na2Cr207  (Figure  3)  [49].  In  similar 
experiments  where  0.3%  H2O2  was  added  as  a  cathodic  depolarizer,  10'4M  dichromate 
additions  had  no  effect  on  the  oxygen  reduction  reaction  rate.  However,  additions  of  10' 
M  chromate  reduced  the  cathodic  reaction  rate  by  an  order  of  magnitude. 

The  results  of  these  experiments  show  that  chromate  inhibits  the  cathodic  reaction 
at  chloride: chromate  concentration  ratios  of  105:1.  This  value  is  much  higher  than  the  1:1 
to  10:1  ratio  where  increases  in  the  pitting  potential  during  anodic  polarization 
experiments  are  observed  [50].  The  curves  in  Figure  3  also  suggest  that  hydrogen  and 
water  reduction  are  inhibited  at  the  lowest  measured  potentials.  It  is  usually  the  case  that 
the  cathodic  polarization  response  of  A1  alloys  is  affected  by  cathodic  corrosion.  In  Cu- 
bearing  alloys  this  leads  to  Cu  surface  enrichment  and  an  increase  in  cathodic  kinetics. 
However,  the  data  of  Figure  3  suggest  that  dichromate  is  a  potent  enough  to  inhibit 
cathodic  kinetics  and  suppress  cathodic  corrosion  and  attendant  Cu  surface  enrichment, 
even  at  very  large  cathodic  overpotentials. 

In  high  strength  A1  alloys,  Cu-rich  intermetallic  particles  support  the  oxygen 
reduction  reaction  (ORR)  in  aerated  solutions.  Reduction  of  Cr6+  to  Cr3+  and  subsequent 
adsorption  at  these  sites  inhibits  the  ORR.  In  neutral  sulfate  solutions,  a  Cu  rotating  disk 
electrode  (RDE)  shows  a  rotation  rate-dependent  cathodic  current  [44,  51,  52],  In  the 
presence  of  chromate,  the  rotation  rate  dependence  disappears  as  a  result  of  the  inhibition 
of  the  ORR  by  chromate.  Furthermore,  the  inhibition  is  nearly  irreversible.  Upon  removal 
of  chromate  from  solution,  the  ORR  remains  inhibited.  This  supports  the  idea  of  a 
strongly  adsorbed  species  from  the  chromate-containing  electrolyte  that  subsequently 
inhibits  the  ORR. 
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Figure  3.  Cathodic  polarization  curves  on  2024-T3  in  actively  oxygen  -sparged 
1M  NaCl  solution  with  (a)  dichromate  additions,  and  (b)  0.3  vol%  peroxide  and 
dichromate  additions. 

A.  Sehgal,  G.  S.  Frankel,  B.  Zoofan,  S.  Rokhlin,  J.  Electrochem.  Soc.,  147,  140 

(2000). 
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This  result  has  also  been  reproduced  in  neutral  sodium  chloride  solutions,  a 
detailed  analysis  of  which  shows  hexavalent  chromium  to  inhibit  both  the  ORR  and 
further  Cr6+  reduction  [48,  53].  The  current- voltage  behavior  for  a  rotating  Cu  electrode 
(2000rpm)  in  Figure  4  illustrates  this  point  for  a  5%  NaCl  solution  at  pH  6  [53],  With  the 
addition  of  chromate,  the  current  in  the  -0.60  to  -0.85Ysce  region  decreases  due  to  the 
inhibition  of  oxygen  reduction.  However,  at  potentials  below  -0.85Vsce,  the  chromate 
contributes  to  a  current  plateau  as  its  reduction  proceeds  under  diffusion  control.  The 
extremely  large  overvoltage  required  for  the  diffusion  limited  Cr6+  reduction  attests  to  the 
self-inhibition  of  Cr6+  reduction. 

A  more  detailed  study  [48]  shows  that  the  inhibition  of  ORR  involves  the 
adsorption  and  rapid  reduction  of  Cr  oxoanions  to  form  an  inhibiting  Cr  hydroxide, 
which  is  probably  bound  strongly  to  the  surface.  The  Cr3+  hydroxide  surface  may  also 
contain  co-adsorbed  Cr6+  oxoanions.  It  has  been  suggested  that  such  a  surface  film  would 
form  a  bipolar  barrier  that  would  inhibit  electron  transfer  in  a  manner  not  explained  by  a 
monolayer  barrier  alone  [48].  The  reduction  of  Cr6+  may  also  have  significance  to  the 
corrosion  process  since  it  appears  to  be  coupled  to  an  induced  anion  adsorption  [54], 

Anodic  inhibition.  Anodic  inhibition  of  A1  alloys  by  soluble  chromate  has  been  studied 
using  both  electrochemical  and  non-electrochemical  techniques.  The  effectiveness  of 
chromates  as  anodic  inhibitors  has  been  questioned  [49],  but  it  is  now  generally  regarded 
that  modest  anodic  inhibition  by  chromates  does  in  fact  occur.  The  extent  of  inhibition 
depends  on  environmental  factors  such  as  chloride: chromate  ratio,  pH,  and  degree  of 
aeration.  It  also  depends  on  alloy  substrate  chemistry  and  temper.  Whether  inhibition  is 
detected  in  any  laboratory  experiment  appears  to  depend  on  an  interplay  among 
environmental  conditions,  A1  alloy  type,  test  technique,  and  protocol. 

Pitting  potential  data  from  Kaesche  determined  for  99.99%  A1  in  mixed  chloride- 
chromate  solutions  provide  a  useful  benchmark  for  this  discussion  [50],  Figure  5  shows 
the  dependence  of  the  pitting  potential  in  solutions  with  chloride  and  chromate  ion 
concentrations  ranging  from  10"6  to  10"2  M.  In  general,  the  pitting  potential  begins  to  be 
ennobled  when  the  chloride: chromate  ratio  is  below  about  10:1  to  1:1.  Studies  conducted 
over  the  past  several  years  have  shed  light  on  the  action  of  chromate  in  the  various  stages 
of  pit  initiation  and  growth. 

In  near  neutral  1.0  mM  chloride  solutions,  25  to  50  pM  chromate  additions  have 
been  observed  to  suppress  metastable  pitting  on  high  purity  A1  wire  loop  electrodes  [55], 
Suppression  of  metastable  pitting  occurs  at  chloride: chromate  ratios  that  are  somewhat 
larger  than  those  established  by  Kaesche  based  on  critical  pitting  potential  measurements. 
Under  potentiostatic  control,  soluble  chromate  appears  to  decrease  the  metastable  pitting 
rate,  the  magnitude  (peak  current)  of  metastable  pitting  events,  the  growth  rate  of 
individual  pits,  and  the  apparent  pit  current  density.  These  factors  decrease  the  chances 
that  metastable  pits  will  develop  into  stable  pits  before  repassivating. 
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Figure  4.  Polarization  response  of  a  Cu  RDE  in  5%  NaCl  solution  with  Cr(VI)  and  Ce(III)  inhibitor  additions. 
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Figure  5.  Dependence  of  the  pitting  potential  of  A1  on  the  chloride:  chromate  ratio. 
H.  Kaesche,  Localized  Corrosion  III,  p.  516,  NACE,  Houston,  TX  (1971). 
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Chromate  in  near-neutral  bulk  chloride  solutions  will  inhibit  the  growth  kinetics 
of  pits  and  crevices,  but  only  at  chloride: chromate  concentration  ratios  much  lower  than 
those  established  by  Kaesche  from  pitting  potential  measurements  [56].  In  thin  film 
pitting  experiments  conducted  under  potentiostatic  control,  additions  of  50  mM  Na2Cr20y 
to  1.0  M  NaCl  solution  had  virtually  no  effect  on  pit  growth  kinetics  or  the  pit 
repassivation  potential.  Dichromate  additions  of  500mM  elevated  the  repassivation 
potential  by  about  90  mV.  A  2000mM  Na2Cr207  addition  was  required  to  stifle  pit 
propagation  completely.  Dichromate  ions  are  expected  to  become  enriched  in 
propagating  crevices  due  to  electromigration,  which  may  lead  to  inhibition.  However,  in 
artificial  crevice  electrode  experiments,  additions  of  either  10  or  100  mM  Na2Cr2C>7  to  a 
bulk  solution  of  comprised  of  lOOmM  NaCl  was  found  not  to  inhibit  crevice  propagation 
kinetics  [57],  It  has  also  been  found  that  chromate  additions  to  neutral  chloride  solutions 
will  accelerate  the  kinetics  of  repassivation,  and  suppress  reactivation  of  aluminum  [58]. 

Kendig  has  argued  that  in  experiments  conducted  under  potential  control, 
extremely  acidic  conditions  develop  on  the  working  electrode  surface  because  a  large 
component  of  the  cathodic  reaction  is  displaced  to  the  counter  electrode  [5].  Chromate 
becomes  increasingly  protonated  with  decreasing  pH,  and  as  suggested  by  PEK 
measurements,  less  likely  to  adsorb  on  oxide  covered  surfaces  to  promote  corrosion 
resistance.  For  a  total  dissolved  concentration  in  the  millimolar  range,  Cr6+  is  speciated 
almost  entirely  as  the  neutral,  potentially  non-inhibiting  FfCrCC  species  as  the  pH 
approaches  0  (Figure  6).  Figures  7a  and  b  show  current  versus  time  behavior  of  A1  1100 
during  potentiostatic  polarization  at  -0.500Vsce  in  1.0M  chloride  solution  at  pH  0  and  1. 
At  pH  0,  the  steady  state  dissolution  current  is  about  45  A/cm2.  The  dissolution  rate  is  not 
lowered  by  addition  of  0.01M  CrC>3  indicating  no  inhibition.  At  pH  1,  addition  of  0.01M 
CrC>3  lowers  the  dissolution  rate  from  about  0.17  A/cm2  to  less  than  0.05  A/cm2 
indicating  an  improvement  in  the  inhibiting  efficiency.  These  results  support  the  notion 
that  the  ability  of  Cr6+  to  inhibit  is  associated  with  how  it  is  speciated  in  solution,  and  that 
H2CTO3  does  not  inhibit  corrosion  because  is  does  not  adsorb  on  metal  or  oxide  covered 
surfaces. 

Inhibition  by  chromate  adsorption.  The  precise  nature  of  anodic  inhibition  by 
chromates  is  not  clear.  As  suggested  by  PEK  measurements,  it  may  involve  non-reductive 
adsorption  rather  that  adsorption  and  reduction  that  seems  to  underlie  ORR  inhibition. 
Evidence  that  Cr6+  oxoanions  on  their  own  impart  corrosion  inhibition  to  oxide  covered 

O  I 

surfaces  without  reduction  to  the  Cr  oxide  was  recognized  in  1966  by  Cartledge  [59]. 
More  recently,  absorption  of  Cr6+  oxoanions  on  the  corrosion  product  in  growing  pits 
[10],  and  adsorption  of  Cr6+  oxoanions  in  the  porous  layer  of  anodized  aluminum  [12] 
have  been  suggested  to  provide  inhibition  without  being  reduced.  Adsorption  on  anodized 
aluminum  lowers  the  normally  positive  zeta  potential  of  the  oxide  within  the  porous 
layer.  Using  a  model  similar  to  that  described  by  Sato  [60]  for  ferrous  oxide  fdms,  the 
adsorption  of  the  negatively  charged  chromate  will  hinder  adsorption  of  chloride. 
McCafferty,  Natishan  and  co-workers  [61,  62]  make  similar  arguments  with  regard  to  the 
role  of  chromate  and  other  inhibiting  oxoanions  for  increasing  the  pitting  potential  on 
aluminum  alloys. 
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Figure  6.  Relative  concentration  of  the  oxo-Cr6+  species  as  a  function  of  pH  in  the  pH  0-3  range 
for  a  total  Cr6+  concentration  of  0.01  M. 
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(a)  (b) 


Figure  7.  Current  vs  time  for  600  grit  polished  A1 1100  polarized  at  -0.500Vsce  in  1M  chloride  solution  at 
(a)  pH  ~1  and  (b)  pH  ~0. 
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Inhibition  at  intermetallic  particles.  The  interaction  of  the  chromate  inhibitor  with 
intermetallic  particles  in  A1  alloys  is  essential  for  understanding  the  mechanism  of 
corrosion  inhibition.  Hence,  consideration  of  the  relative  role  of  anodic  and  cathodic 
inhibition  by  chromate  must  take  into  account  the  electrode  processes  taking  place  on  the 
intermetallic  phases.  Arguments  can  be  made  that  inhibition  of  ORR  at  Cu-rich  cathodes 
alone  cannot  explain  the  inhibition  of  corrosion  of  2024-T3  by  chromate  in  near  neutral 
solutions  [44,  52,  53,  63,  64],  and  that  it  is  necessary  to  account  for  other  components  of 
corrosion  protection. 

Passivation  of  the  Cu-rich  intermetallic  phases  and  other  cathodically  active  sites 
by  chromate  conversion  fdms  appears  likely  although  details  of  the  interaction  are  still 
being  studied.  Initiation  of  chromate  conversion  coating  formation  on  99.99%  A1  by 
reductive  deposition  of  Cr3+  oxide  at  cathodic  sub-grain  boundaries  has  been  shown  by 
TEM  of  microtomed  sections  [65],  Atomic  force  microscopy  (AFM)  of  the  nucleation  of 
chromate  films  from  dilute,  cold  (5°C)  Alodine  on  A1  2024-T3  shows  preferential 
deposition  of  a  film  of  undetermined  composition  on  the  cathodic  Fe,  Cu,  Mn  aluminide 
phase  (see  Figure  9  and  [66]).  The  use  of  a  cold  solution  was  necessary  to  catch  the  very 
earliest  stages  of  nucleation.  Even  at  this  temperature  complete  coverage  of  the  surface 
occurred  within  10  seconds  of  exposure.  Shorter  times  allowed  evaluation  of  the  partial 
coverage.  Several  groups  have  shown  the  Al-Cu-Fe-Mn  phase  to  be  relatively  noble  [67- 
69],  which  would  account  for  enhanced  chromate  reduction. 

Whether  the  mechanism  of  chromate  inhibition  of  the  Cu-rich  intermetallic  phases 
in  2XXX  alloys  is  as  simple  as  the  rapid  absorption-reduction  passivation  process 
observed  on  pure  A1  remains  to  be  determined.  Guillaumin,  et  al.  [70]  have  shown  that 
nucleation  of  chromate  films  on  the  various  intermetallics  of  2024-T3  from  dilute 
dichromate  in  0.5  M  NaCl  depends  on  the  initial  conditions  of  the  surface.  A  surface  that 
is  abraded  with  an  AFM  Si  tip  shows  selective  deposition  of  chromate  on  the  Al-Cu-Fe- 
Mn  phase,  but  an  ‘as-polished’  surface  (1200  grit  SiC,  diamond  paste,  final  ethanol  rinse) 
of  the  more  active  AfCuMg  phase  showed  a  thicker  coating  deposit.  In  studies  of 
chromate  conversion  coating  formation  from  ferricyanide-accelerated  solutions,  it  has 
been  observed  that  the  relative  intensity  of  the  an  860  cm'1  Raman  band  associated  with  a 
Cr  / Cr  complex  unique  to  chromate  conversion  coating  virtually  disappears  over  Cu- 
rich  intermetallic  phases  [71],  These  authors  hypothesize  that  FefCNf,'3  is  preferentially 
adsorbed  on  Cu-rich  intermetallic  particles,  which  passivates  these  regions  with  respect  to 
the  film-forming  Cr6+  to  Cr3+  reduction  reaction.  This  results  in  a  locally  thinner  coating. 
In  other  studies  based  on  the  use  of  microchemical  surface  techniques  (SERS,  XANES, 
SIMS)  on  Al  2024-T3  and  synthetic  Cu-rich  intermetallics,  a  relative  depletion  of  Cr6+  on 
intermetallic  surfaces  is  also  observed  [72],  Recently  published  work  describing 
chromate  conversion  coating  of  various  intermetallic  phases  coupled  to  Al  seems  to 
confirm  the  idea  that  Fe(CN)6‘3  interferes  with  CCC  formation  at  IMCs.  Surface  analysis 
suggests  a  rather  slower  rate  of  coating  formation  on  intermetallic  compounds  as  a  result 
of  ferricyanide  reduction  to  ferrocyanide  (Fe(CN)6-4),  and  adsorption  of  Fe(CN)6-4  on  the 
particle  site  [73],  Whether  the  Cu-rich  intermetallics  catalyze  a  complete  conversion  of 
Cr  to  Cr  ,  or  whether  they  inhibit  conversion  coating  formation  due  to  unintended 
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Figure  9.  AFM  image  for  a  freshly  polished  (0.01  micron)  A1  2024-T3  surface  exposed  for  3  seconds  to  Alodine  solution  at  5°  C. 


34 


interaction  with  supplemental  bath  ingredients  is  a  critical  question  that  remains  to  be 
more  fully  resolved. 


Slow  Release  of  Cr6+  from  filmed  surfaces.  Recent  work  has  shown  that  the  form  of  the 
residual  Cr6+  in  chromate  films  and  conversion  coatings  differs  from  both  the  solution 
phase  chromate  and  dichromate.  It  is  most  likely  a  compound  reversibly  bound  to  Cr3+ 
hydroxide  polymer  "backbone"  [11]  that  can  be  released  and  transported  to  unprotected 
surfaces  in  a  manner  leading  to  self-healing  [32], 

New  findings  [74]  based  on  reexamination  of  older  studies  [75,  76]  suggest  that 
the  Cr6+  release  characteristic  is  temporary.  Consequently,  self-healing  might  also  be  a 
temporary  phenomenon.  Dehydration  of  chromate  surface  films  due  to  ambient  or 
elevated  temperature  exposure  immobilizes  Cr6+  in  the  conversion  coating  structure.  This 
results  in  a  loss  of  Cr6+  leachability  [31,  74-76],  and  probably  eliminates  self-healing. 
Exposure  of  filmed  surfaces  at  ambient  and  modestly  elevated  temperatures  (60°C  is 
often  cited  as  a  critical  temperature  in  this  regard  [77])  causes  a  loss  in  corrosion 
resistance,  which  is  probably  in  part  due  to  loss  in  self-healing  ability. 

Environmental  conditions  provide  the  driving  force  for  release  of  Cr6+.  For 
example,  local  alkalinization  resulting  from  oxygen  reduction  at  a  coating  surface  serves 
to  release  the  inhibiting  anion  HCr(V[31].  A  recent  XANES  study  showed  that  reducing 
conditions,  such  as  those  produced  by  additions  of  sodium  sulfite,  also  promotes  the 
release  of  Cr6+  [78].  These  experimental  results  beg  the  question  as  to  whether  chromate 
coatings  are  not  only  ‘active’  but  also  ‘smart’  in  the  sense  that  they  release  the  inhibitor 
only  when  the  coating  is  coupled  to  an  anodic  defect  which  cathodically  polarizes  the 
coating  causing  both  reduction  and  alkaline  hydrolysis. 


CHROMATE  CONVERSION  COATINGS 

Overview.  The  use  of  chromate  conversion  coatings  to  increase  the  corrosion  resistance 
and  paintability  of  aluminum  alloys  can  be  traced  to  the  early  part  of  the  twentieth 
century  [79],  The  state  of  the  art  has  advanced  considerably  since  then,  and  many 
different  coating  formulations  involving  chromates  have  come  and  gone.  Overall,  the 
evolution  of  chromate  conversion  coatings  on  aluminum  has  been  characterized  by 
several  distinct  innovations,  some  of  which  are  easily  recognized  in  modem  coating 
formulations.  Throughout  this  evolution,  ease  and  versatility  in  processing  and  bath 
maintenance,  and  demand  for  increased  corrosion  resistance  and  paintability  have  been 
the  primary  drivers  for  process  innovation. 

Chromate  conversion  coatings  of  today  are  easily  applied,  offer  excellent 
corrosion  resistance,  including  a  self-healing  ability.  CCCs  are  also  easily  paintable. 
However,  they  are  produced  using  hazardous  chemical  ingredients,  and  environmentally 
friendly  replacement  technologies  are  desired.  Matching  the  ease  of  application  and  high 
performance  of  chromate  coatings  using  non-chromate  formulations  has  been  difficult. 
While  chromate  replacement  has  occurred  in  some  applications,  widespread  replacement 
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will  depend  on  further  advances  in  chromate-free  coating  processing  and  coating 
performance. 

Evolution  of  alkaline  carbonate-chromate  chemistries.  The  earliest  inorganic 
conversion  coatings  specifically  for  A1  alloys,  which  were  just  emerging  as  engineering 
materials  in  the  early  1 900s,  were  formed  using  alkaline  carbonate-chromate  solutions 
[79,  80].  In  certain  processes,  coatings  were  subsequently  sealed  in  a  dichromate  solution 
[81].  Work  pieces  were  immersed  in  hot  (90  -  95°C)  potassium  carbonate  (0.1  to  0.5  M)  - 
potassium  (di)chromate'  (<  0. 1  M)  ('  in  alkaline  solutions,  chromate  is  the  predominant 
chromium  species  in  solution  independent  of  the  form  in  which  is  was  added).  Contact 
times  ranged  from  tens  of  minutes  to  4  hours.  Over  this  time  period,  hard  polycrystalline 
coatings  up  to  6  micrometers  in  thickness  were  formed.  Little  quantitative  information  on 
corrosion  resistance  has  been  reported,  although  resistance  to  mildly  aggressive  aqueous 
environments  was  noted.  In  these  chemistries,  the  primary  film  forming  reaction  was 
hydrothermal  A1  oxide  fdm  growth,  and  contributions  to  fdm  formation  due  to  chromate 
were  secondary. 

In  the  late  1920s,  researchers  discovered  that  the  processing  time  of  alkaline 
carbonate-chromate  formulations  could  be  shortened  to  3  -  5  minutes  by  controlling  the 
carbonate/chromate  ratio  in  solution  [82],  For  the  first  time,  sodium  metasilicate  and 
sodium  fluoride  were  used  in  millimolar  concentrations  to  produce  clear  coatings  [82], 
Post-coating  silicate  treatments  were  used  to  increase  corrosion  resistance  on  Al-Cu 
alloys  [83],  Interestingly,  fluoride  additions  are  reported  to  have  been  added  to  solution  to 
complex  with  Cr  and  keep  it  out  of  the  coating  so  that  clear  coats  could  be  produced. 

The  use  of  small  additions  (millimolar)  of  phosphate  and  inhibiting  transition 
metal  oxoanions  (permanganate)  in  the  alkaline  carbonate-chromate  solutions  was 
reported  in  the  early  1930s  [84],  In  some  of  these  formulations,  chromate  was  not  used  at 
all  [85],  Baths  of  these  formulations  were  easier  to  maintain,  and  active  ingredients  could 
be  added  to  restore  effective  coating  formation  characteristics.  These  coatings  performed 
well  as  a  base  for  paint,  and  provided  good  protection  for  emerging  high-Cu  aluminum 
alloys. 

Acidic  formulations.  In  the  1940s,  acid  chromate-phosphate-fluoride  formulations  arose 
[86],  These  chemistries  were  distinguished  by  the  fact  that  they  were  acid-based  (pH  < 
1.8),  and  produced  thin  amorphous  coatings  with  excellent  corrosion  resistance.  Total 
phosphate  concentrations  ranged  from  0.2  to  1.0  M,  chromic  acid  ranged  from  0.06  to  0.2 
M,  and  fluoride  ranged  from  0. 1  to  0.3  M.  Coatings  formed  in  a  matter  of  minutes  during 
immersion  or  during  spray  at  ambient  temperatures,  although  elevating  the  temperature 
up  to  about  50°C  accelerated  the  formation  rate.  Phosphate-based  chromate  coating 
formulations  of  this  type  are  still  in  use  today.  They  are  believed  to  consist  of 
predominantly  amorphous  CrP04  4H20  with  a  small  amount  of  hydrated  Cr203.  As  such, 
they  are  distinct  from  polycrystalline  phosphate  coatings  in  structure,  chemistry  and 
performance.  These  coatings  have  been  used  primarily  as  a  base  for  painting,  but  boric 
acid  additions  were  introduced  in  the  late  1950s  to  limit  film  formation  to  promote 
appearance,  weldability  and  corrosion  resistance. 
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The  demand  for  corrosion  protection  of  various  metal  parts  in  military  systems 
used  in  tropical  and  marine  climates  during  World  War  II  stimulated  widespread  use  and 
increased  experience  with  chromate  metal  finishing.  After  the  war,  this  experience  was 
adapted  and  applied  to  commercial  manufacturing.  Acid  chromate-fluoride  formulations, 
in  which  (di)chromate  was  the  primary  fdm  forming  agent,  came  into  widespread  use  in 
the  late  1940s  and  early  1950s.  Typical  bath  formulations  consisted  of  30  -70  mM 
chromic  acid,  10-30  mM  dichromate,  and  10-20  mM  fluoride  [87,  88],  Solution  pH 
values  ranged  from  1.2  to  1.8  and  contact  times  required  to  complete  film  formation 
ranged  from  2  to  5  minutes  at  30  to  35°C.  These  processes  produced  the  familiar  yellow 
to  brown  coatings  associated  with  chromating  of  aluminum  using  modem  formulations. 
The  coatings  could  be  as  thick  as  one  micrometer  or  more.  Corrosion  resistance  was  high, 
though  not  as  high  as  with  sealed  anodized  coatings,  and  corrosion  resistance  on  different 
alloys  scaled  with  the  intrinsic  corrosion  resistance  of  the  alloy  substrate.  In  this  regard, 
the  corrosion  resistance  of  chromate  conversion  coatings  varied  inversely  with  the  Fe  and 
Cu  content  of  the  alloy.  These  coatings  were  thin  and  provided  for  low  electrical  contact 
resistance,  which  made  them  well  suited  for  electronics  packaging  and  electrical 
connector  applications.  These  coatings  were  also  a  minimal  impediment  in  welding 
operations.  An  added  advantage  to  this  coating  process  was  that  there  was  virtually  no 
dimensional  change  associated  with  coating  formation,  and  coatings  could  be  applied  to 
carefully  machined  parts. 

Modern  accelerated  chromate  formulations.  In  the  late  1960s  and  1970s,  the  use  of 
accelerants  in  chromate  conversion  coating  formulations  was  initiated  [89],  Accelerants 
increased  coating  weight  and  shortened  coating  time.  Many  different  accelerants  were 
used  including  a  variety  of  organic  and  transition  metal  compounds  [90],  However,  the 
predominant  accelerant  in  modem  commercial  formulations  is  ferricyanide,  Fe(CN)63", 
which  is  added  to  acid  chromate-fluoride  chemistries  in  concentrations  ranging  from  2  to 
5  mM.  The  original  claim  was  only  that  the  use  of  the  compound  increased  coating 
weight.  No  special  claims  for  enhanced  corrosion  resistance  or  paint  adhesion  were 
directly  given.  Several  studies  have  been  dedicated  to  characterizing  Fe(CN)<s3~  in 
conversion  coatings  and  determining  its  role  in  stimulating  coating  growth  and 
determining  its  influence  on  coating  properties.  The  two  primary  theories  for  the  action  of 
Fe(CN)63’  are  1)  formation  of  mixed  metal  cyanide  compounds  [27,  91,  92],  and  2) 
acceleration  of  the  film-forming  Cr6+  to  Cr3+  reduction  reaction  by  Fe(CN)63"/4~  redox 
mediation  [27]. 

Recent  Developments.  Chemistry  modifications  continue  to  be  made  to  optimize 
coatings  for  special  situations  such  as  application  to  specific  alloy  type  [90],  or  reduction 
of  cracking  due  to  drying  [93].  Several  new  processes  have  been  developed  based  on  Cr3+ 
rather  than  Cr6+  chemistry  [94],  In  these  processes,  film  formation  is  carried  out  in  an 
acidic  Cr3+  salt  bath.  Usually,  an  oxidizing  treatment  in  applied  to  the  coating  after  it  is 
formed  to  improve  corrosion  resistance.  This  likely  oxidizes  some  of  the  Cr3+  to  Cr6+  and 
imparts  some  Cr6+-leachability  and  self-healing  to  the  coating.  It  may  also  increase  the 
toxic  hazard  of  the  coating  during  any  removal  or  maintenance  operations.  Nonetheless, 
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the  resulting  coatings  offer  corrosion  resistances  approaching  that  of  the  accelerated 
chromium  chromate  conversion  coatings. 

Self-healing.  “Self-healing”,  discussed  briefly  above,  refers  to  the  distinctive  ability  of  a 
chromate  conversion  coating  to  heal  small  chemical  or  mechanical  defects  that  expose 
unprotected  underlying  metal.  The  process  involves  1)  liberation  of  latent  Cr6+  into  an 
attacking  aqueous  environment,  2)  migration  of  the  Cr6+  to  an  incipient  defect,  and  3) 
reduction  to  insoluble  Cr3+  hydroxide  or  interaction  with  the  corrosion  product  gel  to 
stifle  further  corrosion.  Self-healing  was  recognized  as  a  component  of  chromate  coating 
protection  in  acidic  chromate-fluoride  formulations  no  later  than  the  early  1950s  [95], 

The  literature  does  not  ascribe  self-healing  characteristics  to  the  earlier  alkaline 
carbonate-chromate,  or  acidic  chromate-phosphate-fluoride  formulations. 

Opinions  vary  on  how  important  a  component  self-healing  is  to  overall  corrosion 
resistance.  Chromate  conversion  coatings  also  offer  excellent  barrier  protection,  and 
freshly  formed  coatings  do  not  support  reduction  reactions  very  well.  In  many 
applications,  the  conversion  coating  is  protected  by  a  primer  coat  heavily  loaded  with 
leachable  chromate.  Chromate  leached  from  the  primer  is  expected  to  play  a  more 
important  role  in  corrosion  protection  than  chromate  leached  from  conversion  coatings. 
However,  results  from  exposure  corrosion  testing  show  that  aluminum  surfaces  prepared 
with  a  chromate  conversion  coating  and  a  chromate-free  primer  perform  much  better  than 
a  chromate-free  sol- gel  type  conversion  coating  with  the  same  chromate-free  primer  [96], 
This  observation  suggests  that  inhibition  by  leachable  chromate  in  the  conversion  coating 
is  important  to  substrate  corrosion  protection. 

Recent  experiments  using  a  simulated  scratch  cell  clearly  demonstrate  self- 
healing  by  chromate  conversion  coatings  [32],  In  these  experiments,  a  conversion  coated 
A1  alloy  surface  and  a  bare  alloy  surface  (the  simulated  scratch)  are  placed  a  few 
millimeters  apart  facing  one  another.  Solution  is  then  introduced  into  the  gap.  After 
several  hours,  Cr6+  leached  from  the  coating  can  be  detected  in  the  solution.  Hydrated 
chromium-containing  deposits  are  observed  on  the  originally  bare  surface,  and  its 
corrosion  resistance  is  observed  to  increase.  Altogether,  these  observations  suggest  that 
self-healing  in  conversion  coatings  is  an  important  attribute  of  chromate  conversion 
coatings. 

Chromate  conversion  coatings  today.  Chromate  conversion  coating  technology  is 
exceptionally  versatile;  coatings  may  be  applied  by  immersion,  spray  or  by  rolling. 
Coatings  with  useful  properties  can  be  applied  in  a  matter  of  seconds.  Coating  properties 
may  be  tailored  by  chemistry  selection,  or  by  controlling  contact  time.  Coatings  may  be 
applied  to  a  wide  range  of  aluminum  alloys  and  other  metals.  Over  the  years,  capital 
investment  in  chromate  metal  finishing  equipment  has  been  extensive  in  many  industries, 
although  regulatory  pressures  have  caused  some  abandonment  of  facilities.  The 
investment  in  education  and  training  of  personnel  on  fabrication,  use  and  maintenance  of 
chromate  conversion  coatings  has  been  correspondingly  large.  In  essence,  the  technology 
is  robust,  mature,  and  trusted.  Nonetheless,  chromate  is  a  potent  human  carcinogen,  and 
its  use  is  accompanied  by  intense  scrutiny  from  both  the  public  and  private  sectors.  As  a 
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result,  this  technology  is  becoming  increasingly  costly  to  use,  and  identification  and 
implementation  of  replacement  technologies  is  highly  desirable. 

The  future.  Examination  of  the  total  history  of  conversion  coatings  shows  slow,  but 
steady  evolution  in  the  technology,  with  occasional  changes  that  have  had  widespread 
impact.  Since  the  late  1980s  there  has  been  increased  attention  to  the  chromate- 
replacement  issue,  and  there  is  good  reason  to  expect  that  chromate-based  surface 
pretreatment  will  eventually  be  eliminated.  Investment  in  research  and  development 
related  to  this  problem  has  been  steady,  particularly  by  the  U.S.  Department  of  Defense 
and  the  defense  industries.  The  implementation  of  chromate-free  technologies  has  already 
begun  to  occur,  although  perhaps  more  slowly  than  modem  patience  levels  have  been 
able  tolerate.  A  detailed  discussion  of  the  trends  in  developing  replacement  technologies 
appears  in  a  subsequent  section  of  this  review. 

CONVERSION  COATING  FORMATION 

Chromium-chromate  coatings.  Soluble  chromate  present  in  very  minute  quantities  (<  1 
pg/mL)  will  adsorb  on  metal  surfaces  and  inhibit  oxygen  reduction  [48],  However  in 
aggressive  solutions,  small  amounts  of  soluble  chromate  either  have  no  effect  or  a  slight 
accelerating  effect  on  corrosion  of  ferrous  [97],  and  aluminum  alloys  [56],  At 
concentrations  greater  than  about  10'3  M  over  a  fairly  broad  range  of  pH,  chromate 
stimulates  film  formation,  which  is  the  basis  for  conversion  coating.  Modem  coating 
chemistries  typically  consist  of  50mM  CrC>3,  30  to  40  mM  mixture  of  fluoride  and  fluoro 
salts,  and  2  to  5mM  potassium  ferricyanide.  Commercial  formulations  often  include  other 
minor  ingredients  and  may  have  alternate  activators  and  accelerators.  These  reagents  are 
added  to  a  basis  solution  consisting  of  nitric  acid  whose  pH  is  usually  very  close  to  1 .6. 

The  overall  formation  reaction  for  chromium-chromate  conversion  coatings  on  A1  is 
typically  given  as  [98,  99]: 


Cr2072'  +  2A1  +  2H+  +  H20  ->  CrOOH(s)  +  2A100H(s)  (eq.  12). 


This  reaction  recognizes  the  all-important  electrochemical  component  of  film  growth. 
However,  it  does  not  describe  very  well  an  equally  important  chemical  component  of 
growth,  or  the  action  of  the  F"  activator  and  Fe(CN)63"  accelerator.  For  example,  XPS 
analysis  confirms  that  the  bulk  of  the  coating  contains  mixtures  of  CrOOH  and  Cr2C>3 
with  significant  levels  of  F'  and  Fe,  the  latter  implying  the  presence  of  ferricyanide 
throughout  the  coating  [99].  Additionally,  chromium-chromate  conversion  coatings  are 
usually  more  Cr-rich  than  the  stoichiometry  of  Eq.  1 1  suggests  [25,  29], 

Newer  interpretations  of  CCC  formation  on  A1  are  based  on  a  sol-gel  mechanism  [11, 
100].  According  to  this  mechanism,  coating  formation  involves  hydrolysis, 
polymerization  and  condensation  of  Cr3+  (Figure  10a).  This  process  is  triggered  by 
reduction  of  Cr6+  at  the  metal  surface  and  near-surface  pH  increases  due  to  hydrogen 
reduction  on  the  activated  A1  surface.  Fluoride  prevents  rapid  passivation  of  the  A1 
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Precipitation  of  Cr(III)  hydroxide 


Figure  10.  (a)  Schematic  representation  of  the  hydrolysis-polymerization-precipitation  mechanism  for  Cr(OH)3  “backbone 
formation,  (b)  Condensation  of  Cr(VI)  on  the  Cr(III)  backbone  by  nucleophilic  attack  of  hydroxyl  ligands  in  the  backbone. 

L.  Xia,  R.L.  McCreery,  J.  Electrohem.  Soc.,  145,  3083  (1998). 
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surface  allowing  Cr  to  Cr  reduction  to  proceed  longer  than  it  would  otherwise. 
Ferricyanide  functions  as  a  mediator  between  A1  oxidation  and  chromate  reduction  and 
accelerates  the  redox  reaction,  which  is  normally  quite  sluggish. 

This  process  yields  a  Cr(OH)3  polymer  "backbone"  which  consists  of  edge  and 
comer-sharing  Cr3+  octahedral  units.  The  labile  Cr6+  reservoir  builds  up  in  the  coating 
simultaneously  with  backbone  formation.  This  occurs  by  nucleophilic  attack  of  the 
hydroxyl  ligands  in  the  Cr(OH)3  backbone  [101]  leading  to  characteristic  Cr3+— O— Cr6+ 
bonds,  which  are  readily  detected  by  Raman  spectroscopy  [1 1]  (Figure  10b). 

When  coating  formation  is  observed  on  electrode  arrays  that  permit  current  flow 
among  electrode  array  elements  to  be  measured,  the  growth  occurs  in  two  recognizable 
stages  as  shown  in  Figure  1 1  [64],  The  first  stage,  which  lasts  for  about  30  seconds,  is 
characterized  by  intense  measurable  electrochemical  activity  (current  flow  among 
electrodes  in  the  array).  First-stage  coating  growth  results  in  the  formation  of  round 
nanometer-sized  nodules  that  nucleate  quickly  cover  the  surface  [102],  Preferential 
nucleation  and  growth  on  local  cathodic  sites  defined  by  local  impurity  element 
enrichment,  and  second  phase  particle  inclusions  has  also  been  reported  [65,  66,  103], 
Coatings  formed  in  just  several  seconds  do  confer  useful  levels  of  corrosion  resistance, 
but  are  not  as  corrosion  resistant  as  coatings  formed  by  longer  immersion  times. 

The  second  stage  of  coating  growth  occurs  under  electrochemically  quiescent 
conditions,  as  net  current  flow  among  electrodes  in  an  electrode  array  coating 
experiments  is  undetectable.  It  is  possible  that  this  stage  of  coating  growth  is  also  largely 
electrochemical  in  nature,  but  measurable  net  currents  do  not  flow.  Conversely,  it  is 
possible  that  this  stage  of  coating  growth  is  predominantly  chemical  in  nature  and  follows 
the  sol-gel  formation  mechanism  described  earlier.  In  any  case,  coatings  grown  through 
this  stage  exhibit  an  increase  in  the  Cr:Al  and  Cr6+:Cr3+  ratio  [25,  29].  These  coatings  are 
also  gelatinous  and  fragile  when  first  formed,  and  can  be  damaged  by  the  slightest  touch. 

If  a  CCC  is  to  be  used  for  stand-alone  corrosion  protection,  it  is  usually  allowed  to 
harden  for  at  least  24  hours  before  any  further  handling  [104],  However,  as  CCCs  harden, 
they  become  decreasingly  receptive  to  organic  overcoats.  Therefore,  it  is  common  for 
conversion  coated  surfaces  to  be  painted  within  the  first  24  hours  after  coating 
application  [77], 

Chromium-phosphate  coatings.  Chromium-phosphate  conversion  coatings  (CPCCs)  are 
widely  used  in  aluminum  coil  coating  operations  for  the  good  corrosion  resistance  and 
paint  adhesion  properties  conferred  by  short  contact  time  spray  application.  CPCCs  are 
formed  by  contact  with  acidic  solutions  containing  CrC>3,  H3PO4,  and  NaF  as  the  primary 
ingredients.  Fluoride  serves  to  dissolve  the  air  formed  oxide  and  activate  the  surface, 
while  CrPC>4  and  H3PO4  are  the  primary  film  forming  agents.  Coating  formation  occurs 
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by  reduction  of  Cr  to  Cr  and  precipitation  of  hydrated  CrPC>4,  Cr  andAl 
hydroxides  [105].  Depending  on  the  bath  formulation,  substrate  type,  contact  time  and 
temperature,  CPCCs  can  be  either  amorphous  [106],  or  crystalline  [107],  Chromium 
phosphate  is  often  the  predominant  compound  in  the  coating  comprising  up  to  80%  of 
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Figure  11.  Normalized  intensity  of  the  859cm'1  Cr3+-0-Cr6+  scattering  band  as  a  function  of  coating  time.  A 
representative  current  versus  time  trace  is  shown  for  comparison.  Electrode  area  was  0.008cm  . 
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freshly  formed  films  [108-110].  Most  or  all  of  the  Cr  in  CPCCs  is  present  in  an  insoluble 
Cr3+  form.  Little  or  no  Cr6+  is  present  in  the  coating.  As  such,  these  coatings  do  not 
possess  the  self-healing  characteristics  of  CCCs  and  provide  corrosion  resistance  by 
barrier  protection  only. 

Cr6+  and  Cr6+  speciation.  Cr6+  speciation  in  coating  baths  is  an  important  variable  in 
CCC  formation.  Cr6+  in  solution  can  rapidly  speciate  via  hydrolysis  and  dimerization  to 
form  chromate,  CrCfi2",  dichromate,  Q2O72',  or  bichromate  HCrCfi"  [4],  As  described 
previously,  the  predominant  species  present  in  solution  depends  on  Cr6+  concentration 
and  pH,  and  not  on  the  form  of  the  salt  or  acid  added  to  solution.  Corrosion  resistant 
films  can  be  formed  over  a  wide  range  of  pH  suggesting  that  all  three  of  these  species  are 
film  formers  to  some  extent.  However,  modem  chromium  chromate  and  chromium 
phosphate  processes  are  operated  at  chromate  concentrations  and  pH  values  where 
dichromate  is  the  predominant  soluble  species.  As  indicated  earlier,  solution 
concentrations  of  50  mM  Cr6+  and  a  pH  of  1.6  are  typical.  Under  these  conditions,  the 
total  chromate  concentration  may  vary  by  a  factor  of  two  or  more  without  a  significant 
impact  on  film  formation  rate  [111]. 

Activators  and  Accelerators.  CCC  formation  is  greatly  aided  by  "activating"  species 
such  as  fluoride,  sulfate,  nitrate,  formate  and  acetate,  and  others  [111].  Fluoride  is 
particularly  effective  in  promoting  film  growth  and  is  often  added  to  both  chromium 
chromate  and  chromium  phosphate  bath  formulations.  Fluoride  is  typically  added  as  NaF 
and  mixed  metal  fluoride  salts  whose  total  concentration  is  in  the  30  to  40  mM  range. 
Fluoride  attacks  existing  surface  films,  particularly  on  aluminum.  It  readily  complexes 
Al3+  in  solution  and  has  the  effect  of  lowering  the  A1  content  in  CCCs.  Consequently, 
CCCs  are  found  to  be  enriched  in  Cr,  and  are  of  greater  thickness  when  F"  is  added  to  the 
bath  [28], 

Accelerators  used  in  commercial  CCC  formulations  include:  ferricyanides, 
acetates,  formates,  and  chlorides,  among  others  [1 11].  Of  these,  potassium  ferricyanide, 
KsFe(CN)6,  has  been  most  widely  studied  and  described  in  the  literature.  Potassium 
ferricyanide  is  added  to  CCC  formulations  in  2  to  5  mM  concentrations  to  increase 
coating  weight.  The  active  component  in  this  compound  is  the  ferricyanide  anion,  which 
increases  chromate  reduction  reaction  kinetics  that  are  normally  slow  on  oxide  covered 
surfaces  [1 12].  On  aluminum,  ferricyanide,  Fe(CN)63’,  is  readily  reduced  to  ferrocyanide, 
Fe(CN)64’.  Ferrocyanide  is  oxidized  by  chromate,  which  is  subsequently  reduced  to  its 
trivalent  form  contributing  to  film  formation.  Coupling  substrate  oxidation  to  chromate 
reduction  through  this  ferri-/ferrocyanide  mediation  mechanism  increases  the  film 
formation  rate,  which  results  in  a  more  corrosion  resistant  coating.  Ferricyanide  is  also 
incorporated  into  the  CCC  [28],  and  Fe:Cr  ratios  of  1 : 10  have  been  reported  in  at  least 
two  studies  [27,  112],  and  ferricyanide  has  been  proposed  to  exist  as  mixed  metal  cyanide 
in  CCCs  [91,  113,  1 14].  It  is  now  becoming  clear  that  both  F"  and  Fe(CN)63’  have  a  direct 
positive  effect  on  coating  corrosion  resistance. 

Coating  formation  on  metallurgical  and  microstructural  defects.  CCC  bath 
chemistries  tend  to  optimized  for  coating  formation  on  the  basis  metal  of  an  alloy,  e.g., 
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Al,  Zn  or  Fe.  Alloying  element  additions,  particularly  when  segregated  into  second  phase 
particles,  alter  CCC  formation  locally.  Some  of  these  alterations  have  been  characterized, 
but  none  are  well  understood.  In  Al  alloys  for  example,  CCC  formation  from  accelerated 
bath  formulations  has  been  reported  to  be  both  enhanced  [103,  115],  and  inhibited  [27, 

66,  73,  99,  116]  at  impurity-enriched  grain  and  cell  boundaries  (Figure  12),  and 
intermetallic  particles  such  as  AI2Q1,  A^CuMg,  ALFe,  ALCmFe,  and  Ali2Si(Fe,Mn). 

Film  formation  enhancement  has  been  attributed  to  facile  electron  transfer  at  these  sites, 
which  permits  reductive  formation  of  a  chromate  film,  and  an  increase  in  local  pH  with 
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promotes  condensation  and  precipitation  of  hydrolyzed  Cr  .  Film  formation  inhibition  in 
the  case  of  Cu-rich  intermetallic  particles  such  as  Al2Cu,  and  ALCuMg  is  attributed  to 
the  formation  of  a  thin  chemisorbed  cyano-rich  film  that  prevents  proper  CCC  formation 
locally  [71,  72],  This  results  in  a  thinner,  chromium-deficient  coating  at  these  locations 
(Figure  13).  For  longer  immersion  times  coating  defects  of  this  type  appear  to  be 
diminished  [27], 

Recently,  Brown  and  Kobayashi  [117]  used  ultramicrotome  sample  preparation  in 
conjunction  with  atomic  force  microscopy  and  transmission  electron  microscopy  on 
2024-T3  surfaces  to  generate  a  detailed  description  of  the  chromating  process  at  surface 
heterogeneities.  Their  work  confirms  the  heterogeneous  nucleation  of  hydrous  chromium 
oxide  films  at  sub-grain  boundaries  and  (Al,Cu)sMn  particles,  and  the  growth  of  hydrous 
deposit  halos  around  Al6(Cu,Fe,Mn)  and  ALC'uMg.  The  halo  around  the  Ale(Cu,Fe,Mn) 
results  from  the  driving  force  provided  by  anodic  dissolution  of  a  supposed  Cu  depleted 
region  adjacent  to  the  intermetallic. 

ALTERNATIVE  CHEMISTRIES 

For  perhaps  the  last  20+  years,  a  considerable  effort  has  focused  on  uncovering 
non-chromate  corrosion  inhibiting  compounds  for  use  as  'drop-in'  replacements  for 
protection  of  aluminum  alloys.  A  number  of  reviews  focusing  on  this  subject  alone  have 
been  written  in  the  past  several  years  [118-121],  Rather  than  providing  an  exhaustive 
review  of  all  non-chromate  alternatives,  this  section  points  to  the  general  trends  under 
investigation  by  citing  a  few  examples.  We  consider  both  the  traditional  inorganic 
chemistry  approach  as  well  as  the  new  concepts  using  conducting  organic  polymers. 

What  are  the  alternative  inorganic  chemistries  that  have  been  suggested  for  chromate 
conversion  coatings?  Figure  14  shows  a  periodic  table  with  the  elements  whose  compounds  have 
been  considered  as  alternative  reagents  shaded.  Figure  14  has  been  prepared  primarily  in 
consideration  of  a  review  of  the  patent  literature  (Appendix  1).  The  inorganic  species  considered 
for  replacement  can  be  divided  into  the  following  categories: 

•  Reducible  hypervalent  transition  metals  (compounds  of  Mo,  V,  Mn,  Tc).  Like  Cr,  the 
high  valent  oxoanions  of  these  elements  exist  in  aqueous  solution. 

•  Difficult  to  reduce  transition  metal  oxides  (Zr,  Hf,  Ta,  Ti,  Y)  and  covalent  oxides 
(oxides  and  mixed  oxides  of  Si,  Ge,  P,  Te).  Both  the  former  and  latter  can  be 
processed  using  sol-gel  methods. 
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Figure  12.  Transmission  electron  micrograph  of  a  CCC  stripped  from  a  99.98%  pure  A1  substrate.  CCC  was  formed  by  a  5  s  immersion  in 
Cr2C>727F~  solution  at  sub-ambient  temperature.  Local  Cr-rich  deposits  (site  1)  are  located  on  grain  boundaries  or  pre-existing  metal  ridge. 
Microchemical  analysis  of  regions  away  from  nodules  (site  2)  suggest  non-uniform  CCC  formation  across  the  surface. 

G.M.  Brown,  K.  Shimuzu,  K.  Kobayashi,  G.E.  Thompson,  G.C.  Wood,  Corrosion  Sci.,  33,  1371  (1992). 
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Figure  13.  (a)  Optical  micrograph  of  a  conversion  coated  S  phase  particle  colony  in  2024-T3.  The  dashed  line  approximates  the 
boundaries  of  the  particle  colony,  (b)  Intensity  map  of  the  859cm'1  Cr3+-0-Cr6+  Raman  band  over  the  region  in  (a).  The  absence  of 
intensity  over  the  location  of  the  particle  indicates  atypical  CCC  formation  on  the  S  phase  particle. 
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Figure  14.  Periodic  Table  of  the  elements,  compounds  of  which  (shaded)  have  been  considered  as  alternatives  for  oxo-Cr1 


.6- 


inhibitors. 
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•  Precipitated  coatings  including  boehmite  and  hydrotalcite  coatings,  and  rare  earth 

metal  (REM)  coatings. 

If  one  draws  a  diagonal  line  across  the  transition  metal  portion  of  the  periodic  table, 
the  elements  above  and  to  the  left  of  this  line  provide  relatively  stable  oxides,  hence  their 
logical  consideration  as  replacements  for  chromium  oxide  conversion  coatings. 

Hypervalent  transition  metal  oxoanions.  The  term  ‘hypervalent’  as  used  here  refers  to 
the  ‘highest’  valence  state  of  the  oxoanion  which  is  typically  is  not  thermodynamically 
stable  in  aqueous  solution.  Many  of  the  metals  that  form  oxo-metallates,  such  as  Mn,  Tc, 
Mo,  and  V,  have  soluble  hypervalent  oxoanions  that  reduce  to  form  insoluble  oxides  in 
the  same  way  as  Cr.  This  can  be  better  seen  from  schematic  Pourbaix  diagrams  showing 
regions  of  stability  of  the  oxoanions  and  the  respective  oxides  (Figure  15).  Note, 
however,  that  Mn,  Cr,  Tc  exhibit  very  broad  ranges  in  pH  around  neutral  where  their 
reduced  oxides  are  stable.  V  and  Mo,  on  the  other  hand,  exhibit  relatively  narrow  ranges 
in  pH  where  the  reduced  oxides  are  stable  (Figure  15).  The  vanadium  oxide  is  relatively 
more  stable  toward  high  pH  and  the  Mo  oxide  is  stable  toward  lower  pHs.  Solely  as 
oxides,  the  elements  of  Mo  and  V  will  never  give  the  same  stability  as  seen  in  analogous 
Cr3+  oxide.  On  the  other  hand,  the  oxo-compounds  of  these  elements  (Mo  and  V)  can 
form  very  stable  polyoxometallates  (POMs)  with  each  other,  phosphates  and  tungstates. 
These  metals  are  also  gel-formers  under  the  proper  conditions.  Hence,  they  should  not  be 
ruled  out  completely  as  chromate  replacements.  It  should  also  be  noted  that  vanadates 
and  molybdates  provide  significant  inhibition  for  aluminum  [122],  particularly  in  concert 
with  other  compounds  [123],  Other  reports  have  shown  the  inhibiting  properties  of 
molybdates  and  tungstates  [124]  and  molybdates  and  permanganates  [125]  for  aluminum. 

In  recent  years,  a  process  using  permanganate  has  been  commercialized  [126], 
and  a  direct  permanganate-based  conversion  coating  approach  has  been  described  [127], 
Unlike  oxoanions  of  Cr  and  Tc,  the  oxoanion  of  hypervalent  Mn,  permanganate,  is 
thermodynamically  unstable  with  respect  to  the  oxidation  of  water  although  in 
sufficiently  alkaline  solutions  it  remains  kinetically  inert  [128]. 

The  hypervalent  Tc  behaves  like  chromate  and  forms  a  stable  oxide  film  over  a 
much  broader  pH  range.  Indeed,  the  technetates  have  been  shown  to  actually  exceed  the 
corrosion  inhibiting  behavior  of  chromate  with  regard  to  corrosion  of  ferrous  materials 
[129],  Cotton  and  Wilkinson  in  their  classic  text  on  inorganic  chemistry  point  out  the 
corrosion  inhibiting  properties  of  technetates  [1].  Unfortunately  for  the  search  for 
chromate  alternatives,  technetate  hardly  offers  a  practical  alternative  to  chromate.  Nuclei 
for  all  of  its  isotopes  are  unstable  with  respect  to  [3  decay,  the  Tc"  being  the  most  stable 
with  a  2.12  x  105  year  half-life  decaying  via  a  0.29  MeV  P  emission. 

Refractive  metal  oxide  precursors.  The  elements  such  as  Nb,  Hf,  Ti,  Zr  and  Ta  form 
very  stable  oxides  in  their  highest  oxidation  state.  Unfortunately,  soluble  and  mobile 
precursors  of  these  oxides  remain  difficult  to  stabilize  in  aqueous  solution.  Peroxo 
complexes  and  acid  fluorides  of  Nb,  Hf,  Ti,  and  Zr  exist  at  low  pH.  They  form  the  basis 
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Figure  15.  Pourbaix  diagrams  for  Cr,  Mn,Tc  and  Mo,  elements  that  have  soluble  hypervalent  oxo-anions  that  reduce  to  form 
insoluble  oxide.  Note  that  the  pH  region  of  stability  for  the  insoluble  oxides  are  very  broad  for  Cr,  Mn,  and  Tc,  but  not  Mo. 
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of  a  number  of  patents  (see  Appendix  1).  Thin  Zr  coatings  have  been  shown  to  rapidly 
form  a  very  thin  self- limiting  layer  [130],  Alkoxides  of  these  species  can  also  be  used  to 
form  stable  dispersions  (sols)  leading  to  sol-gel  routes  for  coating  formation.  How  such 
active  precursors  could  be  retained  in  the  resulting  film  in  a  manner  analogous  to  the 
retention  of  Cr6+  by  Cr  conversion  coatings  is  difficult  to  imagine. 

Rare  earths.  In  recent  years,  the  use  of  rare  earth  compounds  as  corrosion  inhibitors  has 
become  quite  fashionable,  primarily  as  a  result  of  successful  work  by  Hinton  and  his  co¬ 
workers  in  Australia  [131].  The  mechanism  for  the  rare  earth  inhibition  seems  to  arise 
from  the  alkaline  precipitation  of  protective  oxide  films  at  active  cathodes.  Ce  cations 
also  appear  to  work  well  in  conjunction  with  molybdates  and  hydrothermal  treatment  to 
form  very  passive  films  on  aluminum  and  its  alloys  [132],  and  as  a  seal  for  anodized 
aluminum  [133].  Ce3+  reversibly  adsorbs  on  anodized  aluminum,  but  it  acts  at  much 
different  sites  than  the  Cr6+  oxoanions.  Whereas  the  adsorption  of  chromate  on  anodized 
aluminum  lowers  the  zeta  potential  of  the  oxide,  adsorption  of  Ce3+  increases  the  zeta 
potential  [134],  It  is  highly  likely  that  Ce  does  not  protect  by  a  rapid  surface  adsorption, 
but  requires  cathodic  precipitation  of  a  bulk  oxide.  The  fact  that  low  concentrations  of 
Ce3+  increase  the  zeta  potential  on  anodized  A1  provides  more  evidence  that  its  inhibition 
mechanism  differs  considerably  from  that  of  Cr6+.  Although  the  elements  in  the 
lanthanide  series  are  chemically  similar,  Ce  species  appear  to  offer  the  most  effective 
corrosion  inhibition.  It  has  been  speculated  that  this  observation  is  related  to  the  fact  that 
Ce  is  the  only  lanthanide  element  that  exhibits  a  tetravalent  oxidation  state  that  is  stable 
in  aqueous  solution  [135].  The  solubility  and  stability  (hence  transportability)  of  Ce  4+  in 
an  alkaline  solutions  and  the  comparative  insolubility  of  Ce3+  compounds  in  the  same 
environment  may  go  a  long  way  towards  explaining  the  ability  of  cationic  solutions  of  Ce 
to  inhibit  active  cathodic  sites  on  A1  and  its  alloys.  In  this  sense,  Ce  4+  behaves  somewhat 
like  Cr6+.  The  reduction  product,  Ce3+,  however  is  not  nearly  as  stable  in  the  case  of  the 
as  compared  to  Cr3+.  It  should  be  noted  that  the  thermodynamic  solubility  of  Ce4+  is 
lower  than  that  of  Ce3+.  However,  Ce4+  is  extensively  hydrolyzed  and  readily  complexed 
by  a  range  of  ligands,  giving  rise  to  a  much  greater  apparent  solubility  [136].  Additional 
information  on  the  lanthanide  inhibitors  can  be  found  in  a  recent  review  [137], 

Sol-gel  chemistry.  Sol-gel  chemistry  involves  the  hydrolytic  polymerization  POM  ion 
solutions  to  form  polymeric  sols  dispersed  in  water.  Upon  drying,  POMs  gel;  that  is  they 
go  from  a  solid  phase  dispersed  in  a  liquid  to  liquid  (water)  dispersed  in  a  three- 
dimensional  solid  network  [2],  As  pointed  out  in  the  Introduction,  new  descriptions  of 
CCC  formation  closely  follow  a  sol-gel  mechanism  [3,  11],  Recent  Cr3+  technology 
developed  by  the  Navy  involves  the  polymerization  of  oxo-Cr3+  in  sulfate  solution  to 
form  a  sol  which  in  turn  gels  on  the  surface  of  aluminum  alloys  to  dry  as  a  protective 
coating  [94], 

Alkaline  earth  chemistries  and  hydrotalcite  coatings.  Synthetic  hydrotalcites,  also 
known  as  layered  double  hydroxides,  mixed  metal  hydroxides,  or  anion-exchanging 
clays,  are  layered  compounds  derived  from  gibbsite  and  brucite[138,  139].  The 
archetypical  hydrotalcites  are  the  naturally  occuring  minerals  hydromagnesite, 
Mg6Al2(0H)i6  C03  4H20,  and  pyroaurite,  Mg6Fe2(OH)i6  CO3  4H2O.  These  compounds 


50 


consists  of  postively  charged  layered  sheets  of  brucite  in  which  A1  ,  or  Fe  cations 
occupy  octahedral  sites.  Layers  of  anions  and  water  reside  between,  and  electrostatically 
bind  together  the  positively  charged  brucite  sheets.  Many  synthetic  hydrotalcites 
conforming  to  the  generic  formula:  MxnMyin(OH)2(x+y)  Ay/n  nH20  have  been  synthesized 
[140,  141], 

Hydrolithisite,  Li2[Al2(OH)6]2  AnH20,  forms  spontaneously  and  rapidly  as  a 
coating  on  metallic  aluminum  and  aluminum  alloy  surfaces  when  contacted  with  alkaline 
lithium  salt  solutions  [142,  143].  Under  the  proper  conditions,  in  a  matter  of  minutes,  a 
compact  poly  crystalline  mass  forms  as  a  thin  inorganic  coating  on  alloy  surfaces  [144], 
The  resulting  coating  provides  useful  levels  of  corrosion  protection,  and  renders  an 
otherwise  uncompatible  surface  receptive  to  organic  coatings  [145], 

Under  hot,  alkaline,  and  oxidizing  conditions  hydrotalcite  coatings  with  corrosion 
resistance  sufficient  to  pass  168  hours  of  salt  spray  exposure  testing  without  pitting  can 
be  formed  [146],  To  maximize  corrosion  resistance  these  coatings  can  be  sealed  with  a 
variety  of  transition  metal  -based  solutions  or  sealants  used  on  anodized  coatings.  Sealed 
coatings  offer  enough  corrosion  resistance  to  protect  2024-T3  from  pitting  in  salt  spray 
exposure  for  times  up  to  336  hours  [147]. 

Corrosion  Inhibiting  Pigments.  The  chromate-containing,  corrosion-inhibiting 
pigments  include  the  sparingly  soluble  chromates  of  the  alkaline  earths,  Ca,  Sr,  Ba  and 
Zn.  They  provide  a  source  for  active  inhibiting  Cr6+  compounds.  A  number  of  chromate 
alternatives  have  been  considered,  including  molybdates,  phosphates,  metaborates,  ZnO, 
vanadates,  and  silicates  [148].  The  patent  literature  suggests  use  of  sol-gel  technology  for 
generating  an  endless  variety  of  non-chromate  pigments  [149,  150],  In  addition  to  their 
borate  salts,  organic  acid  salts  of  Ba  have  been  considered  as  corrosion  inhibitors. 
Although  Ba  metaborate  as  it  exists  at  pH  10  provides  very  good  inhibition  for  the  Cu- 
rich  intermetallics  of  A1  2024,  its  ability  to  inhibit  decreases  with  decreasing  pH  [148], 

Sinko  notes  that  effective  replacement  of  hexavalent  Cr  for  the  inhibition  of  high- 
strength  alloys  requires  an  inhibitor  for  both  the  ORR,  and  anodic  dissolution  of  the 
active  material  of  the  intermetallic.  Accordingly  he  proposes  the  concept  of  providing 
both  of  these  functions,  inhibition  of  ORR  and  inhibition  of  anodic  dissolution/pitting, 
through  the  use  using  of  ‘hybrid’  formulations  [151-153]  in  which  an  organic  (typically) 
ORR  inhibitor  is  included  with  environmentally  benign  anodic  inhibiting  anions.  Such 
anodic  inhibitors  might  include  ox-compounds  of  Mo,  P  and  B.  The  organic  ORR 
inhibitor  takes  over  the  role  otherwise  provided  by  Cr6+. 

Conducting  Polymer  Films.  In  1985,  DeBerry  observed  that  like  certain  oxidizing 
inorganic  compounds,  conducting  organic  compounds  could  also  anodically  inhibit  steel 
under  certain  conditions  [154],  Since  that  time,  a  great  deal  of  effort  has  been  spent 
applying  conducting  organic  polymers  as  corrosion  protective  films  culminating  in  a 
number  of  recent  patents  [155-159].  Some  work  has  been  specifically  directed  at 
corrosion  protection  of  aluminum  and  aluminum  alloys  [160-163],  A  very  recent  patent 
claims  the  formation  of  a  composite  metal  oxide  conducting  polymer  anodic  film  [163]. 
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Reports  have  claimed  that  electrochemically  deposited  polyanaline  (PANI)  improves  the 
corrosion  resistance  of  A1  2024-T3  by  three  orders  of  magnitude  [164], 

Parallels  that  exist  between  conducting  polymer  films  and  chromate  may  reveal 
the  corrosion  inhibition  mechanism  of  such  films.  The  doped  and  oxidized  form  of 
conducting  polymers,  such  as  PANI,  conduct  electrons.  Upon  reduction,  these  films 
become  non-conducting  [165].  Hence,  they  maintain  oxides  in  the  passive  condition, 
while  suppressing  cathodic  activity  [166],  Scanning  vibrating  electrode  measurements 
show  that  exposed  metal  in  a  large  defect  in  a  conducting  polymer  film  do  not  corrode 
significantly  during  exposure  to  sulfate-chloride  solutions  [167], 

Recent  work  has  demonstrated  another  important  property  of  doped  and  oxidized 
forms  of  conducting  polymers.  Materials  doped  with  an  inhibiting  anion  release  the  anion 
upon  reduction.  Both  the  release  of  an  anionic  pitting  inhibitor  and  the  decrease  in 
conductivity  of  the  cathode  contribute  to  the  inhibition  [157,  168].  Others  suggest  that  the 
negative  potential  of  A1  dominates  the  mixed  PANI/A1  potentials  and  that  PANI  coupled 
to  A1 2024-T3  reduces  to  form  a  poor  cathode  [166].  This  latter  work  also  notes  that 
CSA-doped  PANI  appears  to  inhibit  pitting  of  a  manufactured  defect  and  that  the 
inhibition  process  does  not  result  from  anodic  stabilization.  This  supports  the  hypothesis 
that  inhibiting  anions  play  a  role  in  pitting  inhibition. 

A  hypothesis  for  the  role  of  conducting  polymer  films  emerges  as  the  following: 

•  Conducting  polymer  films  maintain  passivity  (anodically  protects  as  per 

DeBerry  [154]  and  Wessling  [157] ). 

•  Conducting  polymer  films  short  circuit  the  oxygen  reduction  reaction  and 

become  anon-conducting  ‘poor’  cathode  [166], 

•  Conducting  polymer  films  release  an  inhibiting  anion  [168,  169]. 

This  proposed  model  for  corrosion  inhibition  by  conducting  polymers  suggests 
investigating  easily-processed  materials  doped  in  the  oxidized  state  by  a  suitable 
corrosion  (pitting)  inhibiting  anion.  The  choices  for  environmentally  benign  anions  could 
include  those  oxoanions  of  molybdenum,  or  tungsten  [124],  permanganate  [127], 
phosphate,  borate  and  a  number  of  heteropolyanions  comprised  of  the  oxo-  compounds  of 
Mo,  W,  Si,  Al,  Zr,  V  and  P,  and  combinations  thereof  [122],  The  possible  combinations 
of  inorganic  anionic  inhibitors  as  anion  dopants  for  conducting  polymer  cations  represent 
a  large  class  of  compounds. 

As  a  final  comment  on  the  application  of  conducting  polymers  for  chromate 
replacement,  conducting  polymer  duplex  films  comprised  of  the  reduced  and  oxidized 
form  may  lead  to  the  same  electron  transfer  inhibiting  structures  suggested  by  Clarke  and 
McCreery  [48]  for  inhibiting  electron  transfer  at  cathodes. 
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FUTURE  TRENDS 


Smart  Coatings.  Chromate  conversion  coatings  are  effectively  smart  coatings  in  that 
they  release  a  corrosion-inhibiting  compound,  Cr6+,  when  called  upon  to  do  so  by  the 
presence  of  a  corrosive  environment.  Given  the  recent  advances  in  nano-technology,  self¬ 
organizing  chemistries  and  biomemetic  technologies,  advances  in  the  development  of 
smart,  self-diagnosing  corrosion  protective  coatings  represent  a  fruitful  area  research 
effort. 

Inhibitor/Coating  Discovery.  As  suggested  in  preceding  section,  inorganic  oxoanions  or 
organic  oxygen  reduction  inhibitor  chemistries  represent  a  diverse  of  chemistry. 
Conventional  corrosion  testing  of  any  one  of  these  tens  of  thousands  of  possibilities 
would  consume  an  inordinate  amount  of  effort.  Thus,  development  of  methods  for 
forming  and  screening  large  ‘libraries’  of  potential  corrosion  inhibitors  could  identify  that 
unique  combination  of  properties  as  provided  by  chromate.  In  the  past,  pharmaceutical 
companies  have  used  combinatorial  methods  to  synthesize  and  screen  classes  of  chemical 
compounds  for  a  particular  drug  application.  Recently  those  in  materials  science  have 
begun  to  use  such  methods  for  materials  discovery  including  identification  of 
electrocatalysts  and  even  corrosion  inhibitors  in  microelectronic  processes  [170],  It  may 
be  appropriate  to  use  this  methodology  to  discover  compounds  that  would  inhibit 
corrosion  of  key  aerospace  alloys. 


SUMMARY  AND  CONCLUSIONS 

The  oxoanions  of  hexavalent  chromium  uniquely  inhibit  the  corrosion  of  many 
metals  and  alloys  and  have  been  particularly  useful  for  protecting  the  high  strength 
aluminum  alloys  against  corrosion.  Part  of  the  usefulness  of  hexavalent  chromium  lies  in 
its  ability  to  react  with  metallic  surfaces  to  form  an  inert  Cr3+  oxide  barrier  with  retained, 
releasable  Cr6+.  The  ability  of  absorbed  and  reduced  Cr6+  (forming  Cr3+  hydroxide)  to 
inhibit  the  reduction  of  oxygen  represents  its  main  role  in  inhibiting  corrosion  though 
other  components  of  corrosion  protection  do  exist.  For  example,  speciated  as  an 
oxoanion,  Cr6+  appears  to  have  an  ability  to  inhibit  pit  initiation.  While  corrosion 
inhibition  by  Cr6+  is  well  characterized,  the  details  of  Cr6+  deposition  are  not.  Chromate 
conversion  coatings  offer  an  especially  attractive  mix  of  characteristics  including  ease  of 
application  on  a  wide  range  of  substrates,  good  corrosion  resistance,  and  good  adhesion. 
Supplemental  bath  ingredients  such  as  F"  and  Fe(CN)63"  are  essential  in  making  robust 
conversion  coatings.  Coating  formation  can  be  appropriately  understood  in  the  context  of 
a  sol-gel  process.  Freshly  formed  conversion  coating  gels  are  well  hydrated,  and  coating 
properties  change  dramatically  as  the  gel  dries.  This  has  a  range  of  practical 
consequences  ranging  from  loss  in  corrosion  resistance  and  loss  of  adhesion.  A  coating 
chemistry  and  technology  for  replacing  chromate  conversion  still  does  not  exist. 
Approaches  to  successfully  replace  chromate  from  current  coating  and  inhibitor 
formulations  will  have  to  rely  on  the  use  of  several  chemistries  engineered  to  play  in 
concert  the  role  of  the  unique  Cr6+  oxoanions. 
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Table  I.  Summary  of  the  Chemistry  in  Key  Intellectual  Property  Related  to  Non-Chromate  Coatings. 


US04085063 
US04148670 
US04222779 
US04225350 
US04225351 
US04313769 
US04370177 
US04451304 
US04470853 
US04545842 
US04921552 
US05052421 
US05077332 
US051 29967 
US05294265 
US05298092 
US05328525 
US05378293 
US05389405 
US0541 1606 
US05415687 
US05451431 
US05463804 
US05468307 
US05472524 
US05487949 
US05496417 
US05551994 
US05584946 
US05641542 
US05683816 
US05693153 
US05759244 


nitrate  and  metasilicate  inhibitor  in  cooling  water 

Zr  and/or  Ti,  fluoride  and  phosphate  or  polyhydroxy  compounds  having  6  or  fewer  carbon  atoms. 

silicate,  sulfuric  acid  H202,  organo  phosphonate,  substituted  ureas 

H2S04,H202,  silicate  +  cationic  triarylmethane  dye.  organophosphorus 

H202,  H2S04,  silicate,  organo-phosphate 

Zr,  Hf,  Ti,  F 

Zr,  Hf,  Ti,  F 

nitrite  post  treatment 

acidicfluoro  zirconic,  fluoroboric,  F,  tannin,  phosphates,  Zn 
adhesion  promotor  based  on  fluorides  of  Zr,  Si,  Ti 
hexafluoro  zirconate,  HF,  polyacrylic  acid 
heteropoly  vanadic  acid  deoxidation 

polyvinyl  butyl  resin+  anti-corrosive  pigment  from  borate  and  phosphate  salts,  (wash  primer) 

H2ZrF6  +  polyacrylic  +  acid  HF 

organophosphates  or  phosphonates  and  chloride  or  fluoride 
Oxide  film  cobalt  conversion  coating 

polyacrylic  acid  or  homopolymers  and  copolymers  thereof,  a  molybdate,  and  a  dihydrohexafluo  acid 

AI203,as  the  largest  volume  percent,  and  cobalt  oxides  CoO,  Co3  04,Co203 

cationic  polymer,  an  alkaline  aqueous, silicate  and  an  organofunctional  silane 

Oxide  film  cobalt  conversion  coating 

Aluminum  oxide  -  Co  oxide  based 

aqueous  solution  of  a  cationic  polymer,  an  alkaline  aqueous, silicate  and  an  organofunctional  silane 

organophonic  and  phosphinic  acid  adhesion  promotor 

AI203,as  the  largest  volume  percent,  and  cobalt  oxides  CoO,  Co3  04,Co203 

Co  oxide  conversion  coating 

Co  oxide  conversion  coating 

steam  oxidation 

Co  oxide 

acidic  fluorides  of  Hf,  Zr,  Ti, 
polymeric  composition 
phosphoric  acid  Mo(V)-Mo(VI) 

10%  HN03  and  3%  NaBr04  deoxidation  +  boiling  water  +  Li  nitrate  Al  silicate  seal 
acidic  oxy  groupe  IVA  with  no  fluoride  or  solvent 


60 


US05843242 

US05866652 

US05873953 

US05897716 

US05266356 

US05756218 


Co(ll),Co(lll)  oxide  with  sodium  decavanadate  seal 
Ce  oxide, vanadate, borate 
Co(ll)  oxide 

H2XF6  where  X=Ti,Zr,Hf,AI,Si,Ge,Sn,B  +  hydroxy  carboxylic  acids  +  polymers  +  other 
Li  and  alkaline  salt  to  form  hydrotalcite 

reaction  of  an  alkaline  surface  with  soluble  compounds  of  Al,  Mg,  Ca,  Sr,  Ti,  Mo,  Ce,  Pr,  Nd,  Sm,Eu,  Gd,  Tb, 
Dy,  Ho,  Er,  Tm,  Yb,  Lu,  Mn,  Fe,  Co,  Ni,  and  Bi 
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Figure  8.  The  ratio  of  steady  state  current  at  -0.500Vsce 


in  the  presence  to  that  in  the  absence  of  oxo-Cr6+ 


as  a  function  of  pH. 
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Results  and  Accomplishments  Part  II: 

Corrosion  Protection  of  Aluminum  2024-T3  by 
Vanadate  Conversion  Coatings2 


ABSTRACT 

In  this  paper,  the  formation,  chemistry,  morphology  and  corrosion  protection  of  a 
new  type  of  inorganic  conversion  coating  is  described.  This  coating,  referred  to  as  a 
vanadate  conversion  coating  (VCC),  forms  on  A1  alloy  substrates  in  a  matter  of  minutes 
during  simple  immersion  in  aqueous  vanadate-based  solutions  at  ambient  temperatures. 
VCCs  are  yellow  in  color  and  conformal  across  the  surface  of  A1  alloy  2024-T3 
substrates.  Auger  electron  sputter  depth  profiles  and  x-ray  absorption  near  edge 
spectroscopy  shows  that  VCCs  formed  by  a  3-minute  immersion  are  300  to  500nm  thick 
and  consist  of  a  mixture  of  vanadium  oxides  and  other  components  in  the  coating  bath.  In 
anodic  polarization  experiments  conducted  in  aerated  chloride  solutions,  VCCs  increase 
the  pitting  potential  and  decrease  the  rate  of  oxygen  reduction.  When  characterized  by 
electrochemical  impedance  spectroscopy,  VCCs  demonstrate  a  low  frequency  impedance 
between  1  and  2  MQ  cm  after  24  hours  exposure  to  aerated  0.5M  NaCl  solutions.  In  salt 
spray  testing  conducted  according  to  ASTM  B1 17,  VCCs  suppress  formation  of  large  pits 
for  more  168  hours.  VCCs  also  appear  to  be  self-healing.  Analysis  of  solution  in  contact 
with  VCCs  by  inductively  coupled  plasma  emission  spectroscopy  indicates  that  vanadate 
is  released  into  solution  upon  exposure.  Vanadium  deposits  were  identified  by  x-ray 
microchemical  analysis  on  a  bare  alloy  substrate  held  in  close  proximity  to  a  vanadate 
conversion  coated  surface,  and  corrosion  resistance  of  this  bare  surface  was  observed  to 
increased  during  exposure.  An  important  component  of  VCC  formation  appears  to 
involve  inorganic  polymerization  of  V5+,  which  leads  to  the  build-up  of  a  film  that 
passivates  the  surface  and  inhibits  corrosion. 

INTRODUCTION 

Vanadium  compounds  are  versatile  corrosion  inhibitors,  though  they  are  not 
widely  used  to  protect  engineering  materials  at  the  present  time.  For  example,  additions 
of  NaVOs  in  amounts  of  0.1  to  0.2  wt.%  have  been  observed  to  reduce  the  corrosion  rate 
of  carbon  steel  in  boiling  K2CO3  solutions  saturated  with  CO2  and  H2S  from  340  mpy  to 
less  than  0.1  mpy  [1,2].  Modest  corrosion  protection  of  aluminum  alloy  2014  exposed  to 
aerated  ImM  NaCl  has  been  demonstrated  using  2mM  NaVC>3  additions  [3,  4],  Recent 
studies  have  shown  potent  inhibition  of  localized  corrosion  on  2024-T3  over  a  range  of 
solution  pH  when  3.4mM  NaVC>3  is  added  to  aerated  0.6M  NaCl  solution  [5], 

Other  studies  have  shown  that  vanadium  can  be  alloyed  with  Fe  or  A1  to  promote 
corrosion  resistance.  Vanadium  additions  are  known  to  increase  the  pitting  resistance  of 

2  Published  in  Corrosion  60  (3):  284-296  (2004) 
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both  austenitic  and  ferritic  stainless  steels  [6].  In  ferritic  stainless  steels,  V  additions  have 
been  observed  to  increase  the  pitting  potential  measured  in  3.5%  NaCl  solution  to  the 
same  extent  as  equivalent  additions  of  molybdenum  [7],  Increases  in  pitting  resistance 
appear  to  be  due  to  a  decrease  in  the  rate  of  metastable  pit  nucleation  and  an  increase  in 
metastable  pit  salt  film  stability,  which  is  proposed  to  increase  the  tendency  for  pit 
repassivation.  In  others  studies,  1  to  4  wt.  %  additions  of  V  to  ferritic  stainless  steels  were 
found  to  lower  the  critical  current  required  for  passivation  and  to  increase  the  potential 
range  over  which  passivity  was  detected  in  anodic  polarization  experiments  [8],  Non¬ 
equilibrium  Al-V  alloys  produced  by  sputter  deposition  exhibit  an  increase  in  pitting  and 
repassivation  potentials  during  anodic  polarization  in  aerated  0.1M  NaCl  solution  [9], 
Additions  of  10  to  20  wt.%  V  increased  the  pitting  potential  by  more  than  1.0V  compared 
to  pure  Al.  The  repassivation  potential  was  found  to  increase  by  nearly  0.5V  in  the  same 
experiments. 

Vanadium  compounds  have  also  been  used  to  enhance  the  corrosion  protection 
provided  by  coatings.  Small  amounts  of  vanadate  added  to  sulfuric  acid  anodizing 
solutions  have  been  found  to  make  the  anodized  coating  much  more  protective  after 
hydrothermal  sealing  [10],  In  other  studies,  vanadate  compounds  were  used  to  seal 
thickened  oxide  layers  on  6061-T6-alumina  composites  by  direct  application  of  a 
vanadate  solution  [11],  These  vanadate-sealed  surfaces  promoted  adhesion  of 
subsequently  applied  fluoropolymer  coatings  and  resulted  in  coating  systems  with  very 
high  levels  of  corrosion  resistance  in  a  range  of  environments. 

Vanadium  compounds  have  also  been  used  as  primary  ingredients  in  several  film 
formation  processes.  Solutions  comprising  vanadate,  one  of  several  other  transition  metal 
ions,  and  an  acid-resistant  organic  resin  will  form  protective  films  on  Zn  and  Zn-Al 
alloys  provided  that  the  coating  solution  pH  is  less  than  3  [12],  Corrosion  resistant  sol-gel 
coatings  doped  with  vanadates  have  been  demonstrated  on  steel  and  aluminum  substrates 
[13,  14],  In  other  studies,  acidic  vanadate-phosphate  coating  chemistries  have  been 
developed  to  form  corrosion  resistant  coatings  on  aluminum  and  aluminum  alloy 
substrates  [15], 

Outside  of  the  context  of  inhibitors  and  coatings,  formation  of  hydrated  vanadium 
oxide  gels  upon  acidification  of  metavanadate  salt  solutions  has  been  thoroughly  studied 
and  described  [16],  The  oxide  formation  process  involves  a  hydrolysis-condensation- 
polymerization  mechanism  that  is  essentially  a  sol-gel  process.  Vanadium  oxides 
produced  in  this  way  are  used  as  reversible  cathodes  for  lithium  batteries  and 
electrochromic  devices. 

A  comparison  of  this  vanadium  oxide  formation  mechanism  and  recent 
interpretations  of  chromate  conversion  coating  (CCC)  formation  on  Al  alloys  suggest  an 
approach  that  might  be  exploited  to  make  a  corrosion  resistant  vanadate  conversion 
coating  or  "VCC".  CCC  formation  involves  electrochemical  reduction  of  chromate 
followed  by  inorganic  polymerization  to  build  the  conversion  film  [17-19].  Specifically, 
this  process  involves  reduction  of  Cr6+  in  solution  to  form  hydrated  Cr(OH2)63+-  This 
species  hydrolyzes  in  the  locally  alkaline  region  at  the  alloy-solution  interface  forming 
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hydrated  chromium  hydroxide,  Cr(OH2)3(OH)3.  This  hydrate  then  polymerizes  by 
forming  Cr(III)-OH-Cr(III)  linkages  forming  a  so-called  polymer  "backbone". 
Simultaneously,  chromate  binds  via  oxygen  ligands  forming  Cr(VI)-0-Cr(III)  linkages, 
which  are  characteristic  of  chromium  chromate  conversion  coatings  [18]. 

Chromate  by  itself  is  not  a  potent  film  former  [19].  Exposure  of  pure  A1  to  an 
acidified  chromate  solution  does  not  impart  much  latent  corrosion  protection.  What  does 
form  is  a  very  thin  strongly  adsorbed  layer  of  hydrated  chromium  hydroxide  with  near¬ 
monolayer  thickness  [20].  This  layer  stifles  further  chromate  film  formation,  but  is  not 
robust  enough  to  confer  lasting  corrosion  protection  in  aggressive  aqueous  chloride 
environments.  Fluoride  additions  to  acidic  chromate  baths  delay  chromate  passivation  of 
A1  surfaces  for  about  20  to  30  seconds.  This  delay,  often  referred  to  as  "activation", 
appears  to  be  sufficient  to  generate  enough  Cr3+  by  electrochemical  reduction  to  fuel  the 
hydrolysis  and  polymerization  process  leading  to  formation  of  coatings  with  thicknesses 
approaching  one  micrometer  when  dried.  In  the  chromate  conversion  coating  formation 
process,  ferricyanide  is  used  as  a  redox  mediator  [21].  Ferricyanide  enhances  the  Cr6+  to 
Cr3+  reduction  reaction  kinetics,  which  are  normally  sluggish  on  Al,  thereby  stimulating 
coating  growth.  Electrochemical  testing  of  conversion  coatings  formed  in  the  presence 
and  absence  of  fluoride  and  ferricyanide  additions  shows  that  these  supplemental 
ingredients  play  an  essential  role  in  the  formation  of  conversion  coatings  with  high  levels 
of  corrosion  resistance  [19]. 

The  ability  of  Cr  and  V  to  form  hydrated  oxides  by  sol-gel  processes  combined 
with  the  well  known  stimulating  effects  of  ferricyanide  and  fluoride  in  chromate  coating 
processes  suggests  an  approach  for  developing  a  chromate-free  conversion  coating 
process  based  on  vanadium  oxide  film  formation.  To  explore  the  utility  of  this  approach, 
we  have  attempted  to  induce  the  formation  of  vanadate  coatings  on  Al  alloys  by  inorganic 
polymerization  stimulated  by  additions  of  fluoride  and  ferricyanide. 


EXPERIMENTAL  PROCEDURES 

Materials  and  preparation.  Coating  formation  was  carried  out  on  samples  prepared  from 
commercial  2.0  mm  thick  2024-T3  sheet  (3.8-4.9Cu,  1.2-1. 8  Mg,  0.3-0. 9  Mn,  0.5  Si  and 
Fe,  0.15  Zn  and  Ti,  and  0.1  Cr  on  a  weight  percentage  basis).  Sample  surfaces  were 
prepared  for  examination  by  electron  microscopy  and  electrochemical  corrosion  testing 
by  mechanical  polishing  using  silicon  carbide  paper  and  ethanol,  starting  at  600  grit  and 
finishing  with  1200  grit.  The  specimens  were  ultrasonically  cleaned  in  ethanol  before 
further  use.  All  the  electro lytes  were  made  from  reagent  grade  chemicals  and  1 8MQ  cm 
deionized  water. 

Vanadate  conversion  coating  (VCCl  formation.  Vanadate  conversion  coating  was  carried 
out  in  a  manner  analogous  to  chromate  conversion  coating  (CCC).  Coatings  were  formed 
on  50mm  x  100mm  x  2mm  2024-T3  sheet  stock.  Prior  to  coating,  all  samples  were 
washed  with  an  alkaline  detergent,  degreased  in  a  sodium  silicate  (NaSi03)/sodium 
carbonate  (Na2C03)  solution,  then  deoxidized  in  a  nitric  acid  (HN03)/sodium  bromate 
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(NaBr03)-based  solution.  Samples  were  rinsed  in  overflowing  deionized  water  between 
each  step.  VCC  coatings  were  formed  by  immersion  in  a  bath  containing  a  mixture  of 
sodium  metavanadate,  NaV03  (10  to  lOOmM),  potassium  ferricyanide,  K.3Fe(CN)6 
(3mM),  and  sodium  fluoride,  NaF  (2mM)  at  room  temperature.  The  bath  pH  was  adjusted 
using  concentrated  nitric  acid,  HNO3.  After  the  coatings  were  formed,  the  coated  surfaces 
were  rinsed  in  overflowing  deionized  water,  then  soaked  for  an  additional  3  minutes  in 
deionized  water.  Coatings  were  air-dried  and  aged  for  24  hours  before  any  further 
handling  or  analysis. 

XANES,  AES,  and  SEM.  X-ray  absorption  near  edge  spectroscopy  (XANES) 
measurements  at  the  V  K  edge  (Eo  =  5480eV)  were  made  at  the  National  Synchrotron 
Light  Source  on  beam  line  X19A  following  well-established  procedures  for  conversion 
coatings  [22,  23].  The  fluorescent  intensity  was  recorded  with  a  13-element  detector  at 
right  angles  to  the  incoming  beam  and  the  sample  tilted  at  45°  with  respect  to  the  incident 
beam.  Spectra  were  background  subtracted  and  normalized  so  that  the  absorption 
coefficient,  defined  as  fluorescent  intensity  over  incident  beam  intensity  was  equal  to  1.0 
at  E  =  5505eV.  A  good  estimation  of  the  ratio  of  V5+  over  total  V  was  then  directly  given 
by  the  height  of  a  pre-edge  peak  characteristic  of  vanadium  in  the  +5  oxidation  state  [24, 
25], 

Scanning  electron  microscopy  (SEM)  and  Auger  electron  spectroscopy  (AES) 
were  used  to  characterize  surface  morphologies  and  surface  chemistries.  AES 
measurements  were  made  with  a  PHI  680  Auger  spectrometer  equipped  with  a  field 
emission  gun.  A  range  of  operating  beam  conditions  were  used  depending  on  which 
spectral  regions  were  being  investigated.  Areas  of  interest  were  identified  by  secondary 
electron  imaging.  For  depth  profiling,  a  1  keV/0.5mA  argon  ion  beam  was  used.  The 
sputter  rate  was  10  nm/min  for  SiC>2.  Quantitative  AES  results  were  determined  from 
derivative  spectra  using  elemental  sensitivity  factors. 

Electrochemical  and  exposure  characterization  techniques.  The  corrosion  resistance  of 
conversion  coated  surfaces  was  evaluated  using  electrochemical  impedance  spectroscopy 
(EIS).  EIS  was  carried  out  using  a  Princeton  Applied  Research  model  273  potentiostat 
combined  with  a  Solartron  1250  Frequency  Response  Analyzer  controlled  by  Zplot™ 

EIS  software.  EIS  spectra  were  collected  from  10kHz  to  lOmHz  using  a  lOmV  amplitude 
sinusoidal  voltage  perturbation  superimposed  on  a  DC  potential  set  at  the  sample  open 
circuit  potential.  Spectra  were  collected  at  a  rate  of  10  points  per  decade  frequency.  EIS 
data  were  fitted  to  an  equivalent  circuit  model  using  a  complex  least  squares  fitting 
routine. 

Anodic  and  cathodic  inhibition  by  soluble  vanadate  was  assessed  by 
potentiodynamic  polarization.  A  Princeton  Applied  Research  model  273  potentiostat 
controlled  by  Corrware™  software  was  used  to  conduct  the  potentiodynamic  polarization 
scans.  The  experiments  were  carried  out  using  a  three-electrode  configuration  (saturated 
calomel  electrode  (SCE)  as  a  reference  electrode)  with  1.0cm2  exposure  area  of  working 
electrode.  The  anodic  polarization  scans  were  initiated  30mV  negative  to  the  steady-state 
open  circuit  potential  (OCP)  and  ramped  in  the  positive  direction  at  0.2mV/s  until  the 
current  density  reached  1000  pA/cm  .  The  direction  of  the  scan  was  then  reversed  and 
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continued  until  a  potential  of  30  mV  negative  of  the  open  circuit  potential  was  reached. 

At  a  minimum,  all  polarization  experiments  were  run  in  duplicate.  Cathodic  polarization 
scans  were  initiated  at  the  sample  OCP  and  were  measured  to  a  potential  -1500mV 
negative  of  that  potential. 

Salt  spray  testing  was  conducted  according  to  ASTM  B1 17,  which  specifies 
chamber  exposure  of  coated  panels  at  35°C  (95°F)  to  a  fog  generated  by  atomizing  a  5% 

NaCl  solution.  After  exposure,  samples  were  rinsed  in  deionized  water  and  visually 
inspected  for  evidence  of  corrosion  damage. 

A  “simulated  scratch  cell”  was  used  to  test  for  elements  of  self-healing  [26],  The  cell 
shown  in  Figure  1,  was  constructed  of  two  2024-T3  samples  separated  by  a  5mm  thick  rubber  O- 
ring  gasket  with  a  diameter  of  50mm.  One  side  of  the  cell  was  a  2024-T3  surface  coated  with  a 
VCC,  the  other  side  of  the  cell  was  a  cleaned  but  uncoated  surface.  The  exposure  area  for  each 
panel  was  15.9cm2  and  the  volume  of  the  cell  between  the  surfaces  was  about  8ml  giving  a  VCC 
surface  area  to  solution  volume  ratio  of  2cm'1.  A  5mm  diameter  hole  was  made  on  the  top  panel 
(the  coated  surface)  to  fill  the  gap  with  0.1M  NaCl  solution  and  to  accommodate  a  saturated 
calomel  reference  electrode  (SCE).  A  Pt  counter  electrode  was  inserted  into  the  cell  to  enable  EIS 
measurements  to  be  made  in  situ.  EIS  measurements  of  the  bare  side  of  the  cell  were  collected  and 
analyzed  to  check  for  increases  in  corrosion  resistance  that  might  indicate  self-healing.  Solution 
was  extracted  from  the  cell  periodically  to  check  for  the  presence  of  vanadium  leached  from  the 
VCC.  X-ray  microchemical  analysis  by  energy  dispersive  spectroscopy  was  performed  on  the 
originally  bare  side  of  the  cell  to  check  for  the  presence  of  vanadium  that  migrated  from  the  VCC. 

RESULTS 

Corrosion  inhibition  by  metavanadate.  Additions  of  NaVC>3  to  aerated  chloride  solutions 
inhibit  both  anodic  and  cathodic  kinetics  on  2024-T3  electrodes.  Figure  2  shows  anodic 
polarization  curves  of  2024-T3  in  aerated  0.124M  NaCl  solution  at  pH  6.  Duplicate 
polarization  curves  are  shown  for  the  chloride-only  solution,  and  triplicate  curves  are 
shown  for  solutions  to  which  0.1M  NaVCE  was  added.  At  this  pH,  vanadium  is  speciated 
as  VO(OH)3,  V02(0H)2',  and  (V03)xx"  where  x  ranges  from  1  to  4.  These  species  are 
referred  to  collectively  as  "metavanadates"  [27].  Comparison  of  the  two  sets  of  curves 
shows  that  metavanadates  are  modest  anodic  inhibitors.  A  region  of  imperfect  passivity 
exists  over  a  range  of  about  lOOmV  positive  of  the  (OCP).  Passive  behavior  ends 
abruptly  giving  rise  to  a  pitting  potential.  Repassivation  potentials  were  not  detected  in 
solutions  with  or  without  metavanadate  additions  over  the  range  of  potentials  examined 
in  these  experiments.  Yellow  deposits  were  observed  on  the  alloy  surface  after  testing. 

The  yellow  deposits,  presumably  a  vanadate  compound,  were  adsorbed  in  corrosion 
product  in  the  vicinity  of  pits  that  had  formed.  Figure  3  shows  replicate  cathodic 
polarization  curves  in  0.124M  NaCl  with  and  without  additions  of  0.1M  NaVC>3.  A 
comparison  of  these  curves  shows  that  metavanadates  reduce  slightly  the  cathodic 
kinetics  in  the  range  where  oxygen  reduction  is  expected  to  occur.  They  also  increase  the 
cathodic  overpotential  required  for  water  reduction. 
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A  hole  with  <t>  5mm  to 
accommodate  RE  2024-T3  panel 


Pt  mesh 


O-ring 

0.1  MNaCl 


Bare  2024  15.9  cm2  exposed  to  NaCl 


Figure  1.  (a)  Photograph  of  the  simulated  scratch  cell,  (b)  Schematic  cross  section  of  the  cell. 
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Figure  2.  Anodic  polarization  curves  for  2024-T3  exposed  to  aerated  0.124  M  NaCl  solution  pH  6  with  and  without 
additions  of  0. 1M  NaVC>3. 
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Current  Density  (A/cm2) 

Figure  3.  Cathodic  polarization  curves  for  2024-T3  exposed  to  aerated  0.124  M  NaCl  solution  pH  6  with  and  without 
additions  of  0.1M  NaV03. 
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Over  the  span  of  about  a  day  the  impedance  of  a  2024-T3  electrode  exposed  to 
0.1M  NaCl  plus  0.1M  NaV03  will  gradually  increase  suggesting  slow  growth  of  a 
protective  fdm.  Once  formed,  this  coating  resists  localized  corrosion  for  long  exposure 
times.  Figure  4  is  a  complex  plane  plot  showing  impedance  spectra  collected  over  the 
span  of  24  hours.  During  the  first  5  hours,  the  total  impedance  increases  by  about  10-fold 
and  does  not  increase  further  up  to  24  hours.  Figure  5  shows  the  variation  with  time  of 
the  total  resistance  of  the  sample  surface,  Rc,  determined  over  much  longer  periods  of 
time.  For  comparison,  the  Rc  data  for  2024-T3  were  determined  in  0.1M  NaCl  with  and 
without  additions  of  0.1M  K.2Cr04.  Rc  values  were  obtained  from  fitting  spectra  to  a 
simplified  Randles  circuit  model  consisting  of  a  parallel  combination  of  a  resistor  (Rc) 
and  constant  phase  element,  which  represented  the  impedance  response  of  the  sample. 
This  network  was  in  series  with  a  solution  resistance.  Overall,  the  corrosion  resistance 
measured  here  is  one  to  two  orders  of  magnitude  lower  than  that  of  a  surface  exposed  to 
chromate-containing  solution,  but  more  that  one  order  of  magnitude  greater  than  Rc 
measured  in  the  inhibitor-free  NaCl  solution.  This  result  shows  inhibition  by 
metavanadates,  and  provides  a  useful  comparison  to  chromate  inhibition. 

VCC  formation.  Vanadate  conversion  coating  bath  chemistries  and  application  methods 
were  generally  modeled  after  chromate  conversion  chemistries  and  processes.  A  range  of 
bath  chemistries  were  examined.  The  many  individual  permutations  of  ingredient 
concentrations  that  were  explored  are  not  listed  for  brevity,  but  coating  baths  chemistry 
ranges  included:  10  or  lOOmM  NaVCE,  0-2mM  NaF,  and  0-3mM  K3Fe(CN)6.  Bath  pH 
was  varied  from  1.0  to  9.0  using  additions  of  HNO3  and  NaOH.  The  coating  bath  was 
operated  at  ambient  temperatures  (23°-26°C)  and  immersion  times  used  ranged  from  1  to 
10  minutes.  The  film  forming  ability  of  a  given  coating  bath  chemistry  could  be 
qualitatively  judged  by  visual  inspection.  Vanadate  coatings  are  yellow  in  color  due  to 
the  presence  of  V5+.  After  some  experimentation,  it  became  apparent  that  coatings  with  a 
pronounced  yellow  coloration  provided  the  best  corrosion  resistance. 

In  terms  of  corrosion  resistance  measured  during  constant  immersion  in  aerated 
chloride  solutions,  coatings  formed  from  baths  with  10  -  lOOmM  NaVCE,  3  mM 
K.3Fe(CN)6,  0-2mM  NaF  with  a  pH  near  1.7  yielded  the  best  results.  There  was  some 
tendency  for  coating  corrosion  resistance  to  diminish  as  immersion  time  in  the  coating 
bath  increased  beyond  5  minutes.  Figure  6  shows  the  variation  in  Rc  determined  from  EIS 
spectra  collected  after  3  hours  immersion  in  aerated  0.1M  NaCl  solution.  The  plot  shows 
the  variation  in  corrosion  resistance  as  a  function  of  coating  bath  pH  and  the  presence  and 
absence  of  3mM  K.3Fe(CN)6  and  2mM  NaF.  The  coating  time  in  all  these  experiments 
was  3  minutes.  These  data  show  that  the  formation  of  a  corrosion  resistant  coating 
strongly  depends  on  pH  and  the  presence  of  K.3Fe(CN)6.  Coating  in  baths  with  a  pH  of 
about  1.7  results  in  the  greatest  corrosion  resistance. 

Characterization  of  VCCs  formed  under  conditions  leading  to  maximum  corrosion 
resistance.  VCCs  formed  on  2024  by  a  3-minute  immersion  in  a  lOOmM  NaVC>3,  3mM 
K.3Fe(CN)6  and  2mM  NaF  at  pH  1.7  M  bath  exhibited  a  yellow  integral  surface  layer  that 
was  apparently  continuous  across  the  sample  surface.  Figure  7  shows  scanning  electron 
micrographs  of  such  a  VCC  at  several  different  magnifications.  A  micrograph  of  a 
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Figure  4.  Complex  plane  plots  of  EIS  data  collected  from  2024-T3  exposed  to  aerated  0.1M  NaCl  plus  0.1M  NaV03  for  various 
lengths  of  time. 
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Figure  5.  Variation  of  Rc  with  exposure  time  for  2024-T3  exposed  to  aerated  0.1M  NaCl  with  additions  of 
vanadate,  chromate,  or  with  no  inhibitor  additions. 
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Figure  6.  A  summary  of  the  effect  of  VCC  bath  chemistry  on  coating  corrosion  resistance.  Corrosion  resistance  is 
characterized  by  Rc  determined  from  EIS  data  collected  after  exposure  to  aerated  0.1M  NaCl  for  24  hours.  VCC  bath 
pH  was  varied  from  1  to  8.5.  Coatings  were  also  made  with  and  without  additions  of  NaF  and  K3Fe(CN)6.  (a)  lOmM 
NaV03  +  3mM  NaF  +  2mM  K3Fe(CN)6 ,  (b)  lOmM  NaV03  +  3mM  K3Fe(CN)6,  (  c)  lOmM  NaV03  +  2mM  NaF. 
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Figure  7.  Scanning  electron  micrographs  of  (a,  b,  and  d)  vanadate  and  (c)  chromate  conversion  coatings.  Micrographs  c 
and  d  show  the  two  coatings  at  identical  magnifications  for  comparison. 
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chromium  chromate  conversion  coating  formed  in  a  ferricyanide-accelerated  bath  is 
shown  for  comparison.  In  terms  of  coating  morphology,  VCCs  appear  to  be  quite  similar 
to  CCCs.  The  VCC  forms  in  and  over  pits  that  are  formed  during  deoxidation  and  etching 
treatments.  The  coating  forms  over  intermetallic  particles  and  inclusions  present  in  the 
alloy.  The  coating  itself  contains  small  nodular  features.  There  is  no  faceting  or  structure 
to  suggest  a  crystalline  component  to  the  coating.  In  fact,  no  crystalline  compounds  were 
detected  by  x-ray  diffraction  of  the  coated  surface.  The  VCC  does  contain  a  network  of 
cracks  that  appear  to  be  shrinkage  cracks,  which  are  known  to  develop  in  CCCs.  It  is 
likely  that  the  cracks  in  the  VCC  develop  due  to  coating  dehydration;  analogous  to  the 
situation  with  CCCs. 

Figure  8  shows  composition  depth  profdes  for  Al,  V,  and  O  determined  by  Auger 
electron  spectroscopy  and  sputter  depth  profding.  Vanadium  is  present  through  the  full 
thickness  of  the  coating,  which  is  estimated  to  be  about  300  to  400nm  based  on  a 
lOnm/min.  sputter  rate  for  SiC>2.  This  agrees  well  with  direct  measurements  of  thickness 
made  by  measuring  the  step  height  between  coated  and  uncoated  regions  of  a  2024-T3 
surface.  The  data  show  that  this  VCC  contained  between  15  and  20  at.  %  vanadium  in  the 
outer  region  of  the  coating.  Diminishing  amounts  of  vanadium  were  observed  in  the  inner 
region  of  the  coating.  Fe,  C  and  N  were  present  through  the  thickness  of  the  coating  at  a 
maximum  concentrations  of  about  10at.%.  The  composition  profiles  for  these  elements 
were  not  shown  in  Figure  8  for  clarity.  A  rigorous  analysis  for  fluorine  was  not  carried 
out. 


Figure  9  shows  x-ray  absorption  from  a  VCC  in  the  region  near  the  K  absorption 
edge  for  vanadium.  Like  chromium,  vanadium  exhibits  a  pre-absorption  edge  peak  [25], 
This  is  associated  with  the  presence  of  V5+  in  the  coating.  Established  methods  were  used 
for  estimating  V5+  content  based  on  the  ratio  of  the  normalized  and  background  corrected 
pre-edge  peak  height  to  the  edge  height.  Reported  pre-edge  peak  intensities  (normalized 
to  edge  height)  range  from  0.4  to  0.79  for  a  pure  V5+  sample  (e.g.,  V2O5)  [25,  28],  Lower 
intensities  are  reported  for  hydrated  forms  of  V2O5.  On  the  basis  of  these  reports,  it  is 
estimated  that  this  coating  contains  30  to  55%  V5+.  The  remainder  of  the  vanadium  in  the 
coating  exists  at  lower,  as  yet  undefined  oxidation  states. 

Overall  VCC  corrosion  resistance.  To  evaluate  overall  corrosion  resistance  of  VCCs, 
coated  2024-T3  panels  were  subjected  to  salt  spray  testing,  which  was  carried  out 
according  to  ASTM  B  1 17.  Six  samples  of  coated  2024-T3  were  tested.  No  pitting 
damage  was  found  on  any  of  the  samples  after  24  hours  of  exposure.  A  few  pits  appeared 
on  four  of  the  sample  surfaces  in  72  hours,  but  no  further  pitting  damage  developed  up  to 
the  end  of  the  test  at  168  hours.  Figure  10  shows  VCCs  on  2024-T3  before  and  after 
exposure.  An  uncoated  2024-T3  control  panel  is  shown  for  comparison.  VCCs  on  2024- 
T3  are  not  as  protective  as  CCCs  in  this  test.  However,  the  difference  in  the  amount  of 
corrosion  observed  on  the  control  sample  and  the  coated  sample  is  a  visual  indication  of 
the  substantial  increase  in  corrosion  protection  provided  by  VCCs. 

Electrochemical  impedance  spectroscopy  was  used  to  quantitatively  characterize 
the  corrosion  resistance  of  VCCs.  Coated  2024-T3  samples  were  exposed  to  aerated  0.5M 
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Figure  8.  Composition  depth  profiles  for  Al,  O,  and  V  through  a  VCC  collected  by  Auger  electron 
spectroscopy.  Sputtering  rate  is  estimated  to  by  10  nm/minute  based  on  SiC>2  standard. 
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Figure  9.  XANES  of  a  VCC  at  the  vanadium  K  absorption  edge.  The  absorption  spectrum  includes  a  pre-edge  peak 
due  to  the  presence  of  V5+  in  the  coating. 
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Figure  10.  Photographs  of  a  VCC  on  2024-T3  in  the  (a)  as-coated  condition,  (b)  after  168  hours  of  salt  spray  exposure, 
and  (c)  bare  2024-T3  after  168  hours  of  salt  spray  exposure.  Coupon  sizes  are  approximately  50  x  100mm. 
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NaCl  solution  using  a  flat  cell  exposing  1cm  of  the  coated  surface.  Impedance  spectra 
were  collected  at  different  exposure  times.  Figure  1 1  shows  that  the  coating  resistance  of 
VCCs  was  steady  at  about  10  Q  cm  during  120h  immersion  in  solution.  These  values  of 
coating  resistance  are  within  the  range  of  values  commonly  observed  for  chromate 
coatings  on  2024-T3  when  tested  under  similar  conditions.  The  range  of  Rc  values 
observed  for  uncoated  A1  alloys  in  this  test  is  also  shown  for  comparison. 

Components  of  VCC  corrosion  resistance.  Figure  12  shows  anodic  polarization  curves  for 
2024-T3  samples  with  VCCs  formed  by  immersion  in  the  coating  bath  for  3,  5  and  10 
minutes.  The  curves  were  collected  during  exposure  to  aerated  0.5M  NaCl  solution.  A 
polarization  curve  for  uncoated  2024-T3  is  shown  for  comparison.  The  uncoated  alloy 
exhibits  no  passive  region  in  this  environment.  However,  when  a  VCC  is  present  on  the 
alloy  spontaneous  passivity  is  observed.  At  sufficiently  positive  potentials,  passivity 
breaks  down  as  pitting  on  the  electrode  occurs.  Dispersion  in  pitting  potential 
measurements  has  not  been  characterized,  however  this  figure  suggests  that  coatings 
formed  by  immersion  in  the  coating  bath  for  3  to  5  minutes  are  more  resistant  to  pitting 
than  coatings  formed  by  a  10  minute  immersion.  These  results  open  the  possibility  that 
VCC  corrosion  protection  is  degraded  by  immersion  in  the  coating  bath  for  times  beyond 
5  minutes. 

Figure  13  shows  cathodic  polarization  curves  for  2024-T3  samples  also  coated  for 
3,  5  and  10  minutes  in  the  VCC  bath.  These  measurements  were  made  during  exposure  to 
aerated  0.5M  NaCl  solution.  In  the  potential  region  where  mass  transport  limited  oxygen 
reduction  occurs,  the  limiting  current  density  is  reduced  by  as  much  as  an  order  of 
magnitude  compared  to  that  of  an  uncoated  control  sample.  Inhibition  of  oxygen 
reduction  appears  to  increase  as  coating  immersion  time  decreases,  supporting  the  idea 
that  over-coating  degrades  VCC  corrosion  protection.  The  form  of  all  of  the  curves  in 
Figure  13  indicates  that  oxygen  reduction  is  occurring  mainly  under  mass  transport 
control.  One  interpretation  of  this  observation  is  that  oxygen  reduction  is  occurring 
locally  on  the  electrode  surface,  and  VCC  formation  serves  to  decrease  the  fractional  area 
supporting  this  reaction. 

To  determine  if  VCCs  exhibit  self-healing  characteristics,  simulated  scratch  cell 
experiments  were  carried  out  according  to  the  methods  described  in  the  Procedures 
section  [26],  In  these  experiments,  a  vanadate  conversion  coating  was  formed  on  2024-T3 
by  immersion  for  3  minutes  in  the  coating  bath.  About  5  ml  of  0.1  M  NaCl  solution  was 
introduced  into  the  cell  gap  and  impedance  spectra  were  collected  periodically  over  200 
hours  to  assess  changes  in  the  corrosion  resistance  of  the  uncoated  side  of  the  cell.  Figure 
14  shows  Rc  data  plotted  as  a  function  of  exposure  time  in  the  cells.  The  data  show  that 
the  surface  exposed  in  the  simulated  scratch  cell  with  the  VCC  exhibits  Rc  values  nearly 
an  order  of  magnitude  greater  than  that  of  a  surface  exposed  only  to  another  bare  surface. 

This  result  suggests  that  the  bare  surface  in  the  simulated  scratch  cell  has  been  protected 
from  corrosion  by  release  of  vanadium  from  the  VCC  coating. 

As  a  test  for  vanadium  release  from  the  VCC,  the  composition  of  the  solution  in  the  cell 
was  analyzed  by  inductively  coupled  plasma-optical  emission  spectroscopy  (ICP-OES).  Solution 
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Figure  11.  .VCC  corrosion  resistance  determined  by  EIS  testing.  Rc  values,  indicated  by  data  points  scatter  bands,  were 
determined  after  exposure  to  aerated  0.5M  NaCl  solution.  The  upper  band  indicates  the  range  of  Rc  values  measured  for 
CCCs  in  this  environment.  The  lower  band  indicates  the  range  in  Rc  values  measured  for  uncoated  A1  alloys. 
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Figure  12.  Anodic  polarization  curves  for  VCC  coated  2024-T3  collected  in  aerated  0.5M  NaCl.  The 
time  notations  refer  to  the  length  of  time  the  samples  were  immersed  in  the  coating  bath.  The  “bare” 
sample  was  uncoated. 
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Figure  13.  Cathodic  polarization  curves  for  VCC  coated  2024-T3  collected  in  aerated  0.5M  NaCl.  The 
time  notations  refer  to  the  length  of  time  the  samples  were  immersed  in  the  coating  bath.  The  “bare” 
sample  was  uncoated. 
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Figure  14.  Corrosion  resistance  of  bare  2024-T3  surfaces  exposed  in  a  simulated  scratch  cell  with  VCC, 
CCC  or  uncoated  2024-T3  surfaces.  Corrosion  resistance  is  expressed  as  Rc  determined  by  EIS.  The 
cells  were  filled  with  0.1M  NaCl  solution.  2024-CCC  refers  to  a  cell  constructed  with  a  bare  2024-T3 
surface  and  a  chromate  conversion  coated  2024-T3  surface.  2024-VCC  refers  to  a  cell  constructed  with 
a  bare  2024-T3  surface  and  a  vanadate  conversion  coated  2024-T3  surface.  2024-2024  refers  to  a  cell 
constructed  with  two  bare  2024-T3  surfaces. 


84 


samples  were  collected  from  five  cells  at  different  exposure  times  ranging  from  24h  to  264h. 
Results  indicate  that  vanadium  is,  in  fact,  released  from  VCCs  into  solution  (Figure  15),  and  that 
its  concentration  in  solution  generally  increases  with  time  in  amounts  ranging  from  0.7  to  8.2ppm. 
For  comparison,  identical  experiments  were  carried  out  in  cells  fabricated  with  chromate 
conversion  coatings  (CCC)  and  an  uncoated  control  surfaces.  As  expected,  there  was  no  detectable 
vanadium  release  in  the  control  cell.  About  1.8ppm  chromium  was  detected  after  24  hours  of 
simulated  scratch  cell  exposure  and  4.9ppm  Cr  was  detected  after  264  hours  of  exposure  in  that 
particular  experiment. 

Both  the  vanadium  and  chromium  concentrations  are  reported  here  on  an  elemental  basis 
and  do  not  account  for  how  the  oxoanions  might  be  speciated  in  solution.  In  the  near-neutral 
solutions  existing  in  the  cell,  vanadium  is  present  as  one  of  several  possible  metavanadate  species 
that  contain  one  to  four  vanadium  metal  centers  per  ion  [27].  As  a  result,  the  concentration  of 
vanadate  oxoanions  in  solution  may  be  lower  than  that  suggested  in  the  figure.  In  comparison, 
chromium  is  speciated  as  bichromate,  HCrCfi  ,  which  has  a  single  chromium  metal  center  in  it. 

Vanadium  is  deposited  on  the  bare  alloy  side  of  the  simulated  scratch  cell  indicating  an 
interaction  with  the  surface  and  possibly  accounting  for  the  increase  in  corrosion  protection 
observed.  The  interaction  of  vanadium  with  the  surface  is  significant  enough  that  it  can  be  detected 
by  energy  dispersive  spectroscopy.  Detailed  surface  analysis  has  not  yet  been  performed,  and 
information  regarding  the  thickness  and  coverage  of  the  surface  layer  and  the  oxidation  state  of 
vanadium  in  the  layer  have  not  yet  been  established. 


DISCUSSION 

Coating  formation.  Many  chromate-free  coating  approaches  have  been  developed  around  the  idea 
that  it  is  necessary  to  form  an  oxide  film  that  is  insoluble  over  a  wide  range  of  pH  and 
environmental  conditions.  On  this  basis,  certain  transition  metal  chemistries  have  not  received  in- 
depth  consideration  as  chromate  conversion  coating  replacements.  Vanadium  may  be  in  this 
category  due  to  the  high  solubility  of  crystalline  vanadium  oxides  [29],  Despite  the  versatility  of 
vanadium  inhibition  there  are  relatively  few  coating  chemistries  in  which  vanadium  or  its 
compounds  is  the  primary  film-forming  agent. 

Coating  development  approaches  focussed  on  oxide  precipitation  and  solubility  exclude  an 
important  aspect  of  vanadium  chemistry — namely  the  ability  of  hydrolyzed  vanadium  species  to 
behave  as  a  sol,  which  rapidly  condenses  and  polymerizes  to  form  a  hydrated  amorphous  oxide.  In 
this  respect,  the  understanding  of  chromate  conversion  coating  formation  as  a  sol-gel-like  process 
is  significant.  While  the  use  of  sol-gel  coating  methods  as  chromate  conversion  coating 
replacements  is  not  new,  the  present  results  show  that  stimulating  gelation  of  transition  metal  sols 
in  aqueous  solutions  at  the  solution-metal  interface  using  supplemental  ingredients  can  lead  to  new 
conversion  coatings  with  desirable  properties. 

An  essential  part  of  the  VCC  formation  process  is  gelation  of  a  hydrated  vanadium  oxide. 
The  formation  of  pentavalent  vanadium  oxides  by  condensation  and  polymerization  has  been 
described  quite  thoroughly  [16,  30],  and  elements  of  this  process  appear  to  be  operating  in  VCC 
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Figure  15.  Evolution  of  the  vanadium  and  chromium  concentrations  in  the  simulated  scratch  cell  solutions  as 
determined  by  ICP-OE.  2024-CCC  refers  to  a  cell  constructed  with  a  bare  2024-T3  surface  and  a  chromate  conversion 
coated  2024-T3  surface.  2024- VCC  refers  to  a  cell  constructed  with  a  bare  2024-T3  surface  and  a  vanadate  conversion 
coated  2024-T3  surface.  2024-2024  refers  to  a  cell  constructed  with  two  bare  2024-T3  surfaces. 
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formation.  Vanadium  oxide  gel  formation  involves  olation  of  octahedrally  coordinated 
VO(OH)3(OH2)2  (Figure  16).  All  the  OH  ligands  lie  in  the  equitorial  plane  of  the  molecule  giving 
rise  to  highly  anisotropic  rates  of  polymerization.  Rapid  polymerization  occurs  along  the  equitorial 
plane  of  these  molecules  leading  to  the  formation  of  long  ribbon  structures  in  the  resulting  gel. 
Ribbon- like  structures  are  not  evident  in  any  of  the  VCC  characterization  conducted  so  far,  but  the 
reaction  rates  for  this  process  are  sufficiently  high  to  account  for  film  formation  in  the  time  frames 
observed  in  these  experiments. 

The  ability  to  trigger  the  olation  reaction  during  VCC  formation  appears  to  depend  on  the 
interplay  among  the  speciation  of  soluble  vanadate  ions,  pH  of  the  coating  bath,  and  changes  in  the 
solution  pH  at  the  solution-metal  interface.  At  millimolar  concentrations  of  V5+,  the  predominant 
species  in  solution  is  V02+ when  the  pH  is  less  than  1.7  to  1.8.  This  species  does  not  react  to 
produce  condensed  vanadium  oxides  (Figure  17)  [30].  For  this  reason,  vanadium  oxide  gels  do  not 
form  spontaneously  in  the  coating  bath.  Upon  contact  of  the  metal  surface  with  the  coating  bath, 
activation  occurs  due  to  dissolution  of  the  air- formed  oxide  film  by  the  low  pH  and  action  of  F'. 
Proton  reduction  causes  the  interfacial  pH  to  increase  slightly.  An  increase  in  pH  to  the  2.0  to  3.0 
range  can  be  detected  within  15  seconds  using  short  range  pH  papers  placed  on  2024-T3  surfaces 
wetted  with  the  coating  bath.  This  pH  increase  triggers  formation  of  VO(OH)3  by  hydrolysis  of 
V02  : 


V02+  +  2H20  VO(OH)3  +H+ 


(eq.  1). 


At  pH  values  close  to  2,  coordination  of  VO(OH)3  changes  from  tetrahedral  to  octahedral  by  a 
water  addition  reaction  (Figure  16)  [30]: 

V0(0H)3  +  2H20  ->  VO(OH)3(OH2)2  (eq.  2) 


enabling  spontaneous  polymerization  and  formation  of  an  amorphous  surface  film  comprised  of 
hydrated  vanadium  oxides.  The  resulting  film  morphology,  as  it  has  been  characterized  so  far,  is 
consistent  with  this  type  of  a  formation  process.  There  is  no  evidence  of  crystalline  compounds  in 
the  coating,  and  the  presence  of  cracks  in  the  VCCs  suggests  that  the  oxide  is  deposited  in  a  highly 
hydrated  form  that  is  susceptible  to  dehydration  after  removal  from  the  coating  bath  in  much  the 
same  way  that  CCCs  are. 

Results  from  the  coating  formation  experiments  and  corrosion  resistance  measurements 
show  that  coating  formation  is  critically  dependent  on  the  pH  of  the  bath  solutions.  Table  I  shows 
the  intensity  of  coating  formation  judged  visually  and  by  the  corrosion  resistance  measured  by  EIS 
during  exposure  to  chlorides  solutions.  These  results  show  that  the  best  coatings  are  formed  in 
baths  with  a  pH  between  1  and  2.  In  the  context  of  this  coating  formation  mechanism,  if  the 
coating  bath  is  too  acid,  proton  reduction  may  not  be  able  to  shift  the  pH  enough  to  cause  V02+ 
hydrolysis  to  any  great  extent.  This  would  inhibit  VO(OH)3  formation  and  limit  subsequent  VCC 
formation.  At  bath  pH  values  greater  than  3,  surface  activation  of  A1  becomes  difficult  due  to  the 
stability  of  the  A1  oxide  film,  and  the  concentration  of  VO(OH)3  becomes  too  small  for  meaningful 
film  formation. 
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Figure  16.  Possible  reaction  processes  involved  in  VCC  formation,  (a)  water  addition  to  the  primary  coordination  sphere  for  VO(OH)3 
to  form  VO(OH)3(OH2)2.  (b)  Olation  reaction  that  leads  to  vanadium  oxide  gel  formation.  The  octahedra  in  (b)  represent  octahedrally 
coordinated  V5+. 
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Figure  17.  Equilibrium  speciation  of  soluble  V5+  ions  in  aqueous  solutions  at  millimolar  concentrations.  Adapted  from 
C.F.  Baes,  Jr.,  R.  E.  Mesmer,  Hydrolysis  of  Cations,  p.  210,  Robert  E.  Krieger  Publishing  Co.,  Malabar  FL  (1986). 
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In  chromate  conversion  coating  formation,  Fe(CN)63’  functions  as  a  redox  mediator  that 
catalyzes  chromate  reduction  on  A1  [21].  Fluoride  serves  to  activate  the  surface  by  dissolving  the 
air- formed  oxide  film  permitting  intense  electrochemical  activity  to  occur.  For  the  formation  of 
corrosion  resistant  CCCs,  F'  has  a  more  significant  affect  than  Fe(CN)63'  [19].  In  VCC  formation, 
Fe(CN)63"  is  the  more  critical  ingredient.  Figure  6  shows  that  over  a  range  of  pH,  formation  of 
VCCs  with  high  corrosion  resistance  only  occurs  when  Fe(CN)63’  is  present  in  the  coating  bath. 

The  mechanism  for  the  formation  of  pentavalent  vanadium  oxides  described  above  does  not 
explicitly  account  for  the  critical  role  of  Fe(CN)63  in  VCC  formation  and  therefore  only  describes 
part  of  the  formation  process.  Additionally,  XANES  shows  that  VCCs  contain  vanadium  in 
oxidation  states  lower  than  5+.  The  relation  of  vanadium  oxides  in  oxidation  states  lower  than  5+ 
to  VCC  formation  and  breakdown  is  not  yet  understood. 

VCC  corrosion  resistance.  On  the  basis  of  salt  spray  exposure  testing  and  EIS  carried  out  in 
aerated  0.5M  NaCl  solution,  overall  VCC  corrosion  resistance  closely  approaches  that  of  CCCs. 
VCC  corrosion  resistance  appears  to  be  degraded  by  immersion  in  the  coating  bath  for  times 
greater  than  about  3  to  5  minutes.  This  may  be  due  to  the  fact  that  once  the  alloy  surface  is 
passivated,  the  increase  in  interfacial  pH  that  leads  to  film  formation  diminishes,  and  the  vanadium 
oxide  network  in  the  VCC  is  attacked  by  the  acidic  bath  chemistry. 

Like  CCCs  and  many  thickened  oxide  layers  on  A1  alloys,  VCCs  inhibit  reduction  reaction 
kinetics.  The  extent  of  cathodic  inhibition  cannot  be  quantified  on  the  basis  of  the  results  shown 
here.  However,  the  limiting  current  densities  of  about  10'  A/cm  measured  in  the  cathodic 
polarization  curves  shown  in  Figure  13  are  as  low  or  lower  than  the  limiting  current  density 
measured  on  chromate  conversion  coated  2024-T3  [31,  32], 

CCCs  have  been  observed  to  ennoble  the  pitting  potential  of  2024-T3  measured  by  anodic 
potentiodynamic  polarization  [33].  Increases  in  the  pitting  potential  appear  to  be  derived  both  from 
the  presence  of  the  coating  itself  and  from  chromate  leached  from  the  coating.  Results  from  this 
study  show  that  both  vanadates  in  solution  and  VCCs  ennoble  the  pitting  potential  of  2024-T3. 
Whether  vanadate  leached  from  the  VCC  contributes  to  increases  in  the  pitting  potential  has  not 
been  established. 

Vanadate  is  leached  from  VCCs  as  shown  by  color  changes  in  coupons  during  salt  spray 
testing  and  by  analysis  of  solutions  from  simulated  scratch  cell  experiments.  This  appears  to  enable 
a  form  of  self-healing  that  is  similar  to  self-healing  in  CCCs.  Self-healing  and  corrosion  resistance 
in  CCCs  diminishes  with  age  of  the  coating.  Loss  in  self-healing  appears  to  be  closely  related  to 
coating  dehydration.  VCCs  are  also  hydrated  coatings.  The  observation  of  shrinkage  cracks  in 
scanning  electron  micrographs  of  VCCs  suggests  that  they  are  susceptible  to  dehydration,  however 
the  kinetics  of  dehydration  and  the  concomitant  influence  on  self-healing  has  not  yet  been 
characterized. 

Toxicity.  Vanadium  is  not  a  cancer-causing  agent  in  mammals,  but  it  is  known  to  produce  some 
adverse  health  effects  [34-37].  The  main  hazard  associated  with  vanadium  is  inhalation  of  airborne 
particulate  and  damage  to  the  respiratory  system.  Acute  exposure  results  in  inflammation  in  the 
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lungs  and  mucous  linings  of  the  respiratory  tract.  Reports  on  the  effects  of  chronic  vanadium 
exposure  vary  from  no  observable  symptoms  to  decreased  immunity  to  pulmonary  diseases  and 
respiratory  failure.  Vanadium  is  absorbed  poorly  by  the  gastrointestinal  tract,  and  vanadium 
ingestion  is  not  considered  a  significant  route  of  entry  into  the  body.  The  effects  of  vanadium  on 
reproductive  health  have  not  been  established  with  certainty.  Older  reports  suggest  that  vanadium 
is  not  reproductive  toxin  [38],  however,  more  recent  studies  indicate  an  increased  rate  of  birth 
defects  and  infant  mortality  in  animal  studies  [39]. 


CONCLUSIONS 

Electrochemical  testing  was  used  to  confirm  earlier  reports  of  A1  corrosion  inhibition  by 
soluble  vanadates.  In  near-neutral  solutions  vanadate  increases  the  pitting  potential  and  decreases 
the  oxygen  reduction  reaction  rate  on  2024-T3.  Impedance  experiments  suggest  that  slow  film 
formation  may  be  occurring  on  A1  in  contact  with  vanadate-bearing  solutions.  Vanadate 
conversion  coatings  can  be  produced  by  immersion  in  a  NaV03/K3Fe(CN)6/NaF  solution  with  a 
pH  of  about  1.7.  Coatings  form  spontaneously  at  room  temperature  in  a  matter  of  minutes.  Coating 
formation  appears  to  involve  hydrolysis,  condensation  and  polymerization  to  produce  a  hydrated 
vanadium  oxide,  which  is  triggered  by  a  slight  increase  in  the  pH  of  the  metal-solution  interface. 
The  resulting  coating  is  yellow  in  appearance  and  continuous  across  the  sample  surface.  The 
coating  is  non-crystalline  and  consists  of  vanadium  in  several  oxidation  states  as  well  as  other 
ingredients  in  the  coating  bath.  Coating  formation  is  very  sensitive  to  bath  pH  and  the  presence  of 
K3Fe(CN)6.  VCCs  provide  excellent  corrosion  protection  in  salt  spray  and  constant  immersion 
tests.  Polarization  experiments  show  that  VCCs  increase  resistance  to  pitting  and  suppress  oxygen 
reduction  reactions.  Simulated  scratch  cell  experiments  suggest  that  VCCs  are  also  self-healing  in 
a  manner  that  closely  resembles  this  characteristic  in  chromate  conversion  coatings. 
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Table  I.  VCC  Color  and  corrosion  resistance  as  a  function  of  bath  pH.  Corrosion 
resistance  is  reported  as  Rc  determined  by  EIS  after  a  3  h  exposure  in  0.1  M  NaCl 
solution. 


pH 

Coating  color 

Rc(kohmcm2) 

8.5 

None 

25.9 

6.2 

None 

12.9 

4.5 

None 

79.7 

2.5 

Pale  yellow 

118 

1.7 

Yellow 

1330 

1.0 

Yellow 

222 
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Results  and  Accomplishments  Part  III: 

Active  Corrosion  Protection  and  Corrosion  Sensing  in 
Chromate-Free  Organic  Coatings3 


ABSTRACT 

In  this  study  it  is  shown  that  anion-exchanging  hydrotalcite  compounds  dispersed 
as  a  particulate  additive  in  organic  resins  leads  to  potent  corrosion  inhibition  of  an 
underlying  aluminum  alloy  substrate.  The  use  of  this  additive  also  imparts  the  ability  to 
detect  environmental  changes  in  the  coating  that  are  a  prelude  to  substrate  corrosion. 
Corrosion  inhibition  is  derived  from  release  of  a  decavanadate  from  crystalline  Al-Zn 
hydroxide-based  hydrotalcite  particles  into  electrolyte  that  has  permeated  the  pore  space 
of  the  coating.  Decavanadate  release  is  accompanied  by  uptake  of  chloride  ion  in  an 
exchange  reaction.  The  exchange  of  the  large  decavanadate  anion  for  the  smaller  chloride 
ion  in  the  hydrotalcite  structure  results  in  a  predictable  change  in  crystal  structure,  which 
can  be  detected  by  x-ray  diffraction.  The  occurrence  of  the  decavanadate-chloride 
exchange  reaction  indicates  that  aggressive  electrolyte  has  invaded  the  coating  and  that 
corrosion  may  be  imminent.  In  this  paper,  methods  for  synthesizing  an  Al-Zn- 
decavanadate  hydrotalcite  particulate  suitable  for  dispersion  in  an  epoxy  resin  are 
described.  Results  from  exposure  and  electrochemical  tests  illustrating  corrosion 
protection  by  the  hydrotalcite  pigmented  coatings  are  presented.  Additionally,  the 
characteristic  changes  in  the  x-ray  diffraction  pattern  of  hydrotalcite  associated  with  the 
decavanadate-chloride  exchange  are  presented.  Diffraction  patterns  collected  from  coated 
A1  substrates  are  also  presented,  indicating  that  diffraction-based  interrogation  of 
coatings  is  possible. 

INTRODUCTION 

Protection  of  aircraft  airframes  depends  heavily  on  corrosion  inhibiting  primer 
coatings.  The  prototypical  coating  is  a  polyamide-cured  bisphenol  epoxy  resin  containing 
about  30wt.%  SrCr04  as  a  leachable  inhibiting  pigment  [1].  Due  to  the  high  volume 
fraction  of  solid  pigment,  these  coatings  take  up  environmental  water  rapidly  and  can 
become  water-saturated.  Under  these  conditions,  the  SrCr04  pigment  will  dissolve  up  to  a 
concentration  determined  by  its  solubility  limit  (about  5  mM  CTO4  at  near-neutral  pH 
[2]).  In  these  solutions,  the  primary  inhibiting  species  is  the  Cr042’  anion  [3].  The 
inhibitor-saturated  electrolyte  in  the  pore  space  of  the  coating  is  very  effective  in 
suppressing  corrosion  of  the  underlying  aluminum  alloy  substrate. 

Soluble  inhibitors  can  also  be  leached  into  solution  outside  of  the  coating.  If 
mechanical  defects  exist  exposing  bare  metal,  corrosion  may  be  stifled  if  a  critical 
concentration  of  inhibitor  in  the  vicinity  of  the  defect  can  be  achieved.  Inhibitor  transport 
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and  corrosion  inhibition  at  mechanical  defects,  which  is  colloquially  referred  to 
"throwing  power",  is  the  signature  attribute  of  chromate-bearing  epoxy  primers. 

As  is  now  well  documented,  chromate  must  be  eliminated  from  metal  finishing 
processes  due  to  its  toxic  nature  [4-7].  A  range  of  alternate  pigments  have  been  explored 
and  some  perform  as  well  or  better  than  SrCrC>4  in  laboratory  testing  [8],  Some  of  these 
pigments  have  been  incorporated  into  primer  coating  formulations  exist  as  products 
qualified  for  use  in  military  systems  [9],  In  service,  these  chromate-free  coatings  perform 
well,  but  usually  are  not  better  than  SrCrCL-bearing  primers.  In  comparative  exposure 
testing,  Cr-ffee  organic  coating  performance  is  generally  observed  to  be  unsatisfactory 
unless  coatings  are  applied  over  a  chromate  conversion  coating  [10], 

In  the  absence  of  a  clear-cut  alternative  to  SrCrCL,  continued  research  and 
development  of  new  inhibiting  compounds  is  warranted.  The  desire  to  move  to  low  cost 
condition-based  maintenance  of  aircraft  in  the  U.S.  Air  Force  has  spawned  efforts  aimed 
at  early  detection  of  corrosion  under  coatings,  or  coatings  that  sense  corrosion  of  the 
underlying  substrate.  In  this  latter  regard,  attempts  to  formulate  corrosion-sensing 
coatings  have  been  made  based  on  the  use  of  pH  indicators  that  have  been  added  to 
organic  resins  for  the  purpose  of  detecting  the  alkaline  pH  associated  with  cathodic 
activity  under  the  coating  [1 1],  In  this  sensing  scheme,  visual  indications  of  a  pH  increase 
are  taken  as  an  indication  of  anodic  activity  nearby  in  pits  or  in  crevices.  This  technique 
is  potentially  quite  sensitive  in  that  it  can  detect  small  amounts  of  corrosion  damage. 
However  it  depends  on  the  ability  to  visually  interrogate  the  pH  indicator  added  to  the 
coating.  This  is  problematic  in  most  aircraft  coatings,  which  are  opaque. 

In  this  paper,  the  use  of  crystalline  hydrotalcite  (HT)  particulate  additives  to 
organic  coatings  for  corrosion  inhibition  and  corrosion  sensing  is  described.  HTs  are 
layered  clay  materials  used  for  a  variety  of  industrial  purposes  [12,  13].  Specifically,  HTs 
are  being  synthesized  with  vanadates,  which  have  been  shown  to  be  excellent  inhibitors 
of  A1  corrosion  [14],  The  ion  exchange  characteristic  of  HTs  is  being  used  to  release 
vanadates  into  an  attacking  electrolyte  to  stifle  corrosion.  When  this  occurs,  potent 
corrosion  protection  is  observed.  Upon  vanadate  release,  chloride  or  sulfate  in  the 
attacking  electrolyte  is  taken  up  by  the  HT  inducing  a  change  in  the  crystal  structure  that 
can  be  detected  by  x-ray  diffraction  methods.  This  change  in  structure  can  be  detected  in 
HT-bearing  coatings  applied  to  metal  surfaces  indicating  that  this  approach  may  be  viable 
as  a  means  for  detecting  environmental  changes  in  a  coating  that  are  a  prelude  to 
corrosion  of  the  underlying  substrate. 

EXPERIMENTAL  PROCEDURES 

Hydrotalcite  Synthesis.  The  Al-Zn-decavanadate  hydrotalcite  (HT-V)  compound  used  in 
this  study  was  prepared  using  a  coprecipitation  method  described  by  Kooli  [15].  A  20  g 
sample  of  sodium  metavanadate  (NaVCf)  was  dissolved  in  500  ml  of  boiled  (to  remove 
CO2)  and  distilled  water  under  stirring.  The  pH  of  the  solution  was  reduced  to  4.5  by  the 
dropwise  addition  of  2M  hydrochloric  acid  (HC1).  At  this  pH,  metavanadate  VO3' 
speciated  to  decavanadate  (V10O286  )  resulting  in  an  orange-yellow  solution.  The  solution 
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pH  was  then  adjusted  to  about  6.3  by  dropwise  addition  of  2M  NaOH.  Decavanadate  is 
unstable  at  pH  6.3,  but  the  transformation  to  the  thermodynamically  stable  metavanadate 
species  is  inhibited  by  sluggish  reaction  kinetics  [16].  As  a  result,  metastable 
decavanadate  persists  in  solution  long  enough  for  HT-V  synthesis  to  be  carried  out.  The 
decavanadate  solution  was  then  titrated  with  a  solution  consisting  of  13.4  g  anhydrous 
ZnCb,  and  1 1.8  g  of  aluminum  chloride  hexahydrate  (AICI3  6H2O),  which  were  dissolved 
in  250  ml  of  boiled  and  deionized  water.  The  addition  took  approximately  40  minutes  and 
the  pH  was  maintained  between  6.3  and  6.5  with  additions  of  NaOH.  Upon  titration,  solid 
HT-V  was  observed  to  form.  After  titration,  the  mixture  was  aged  at  55°C  overnight 
under  constant  stirring.  The  solid  material  was  then  collected  in  a  Buchner  funnel  using 
water  aspiration.  This  process  yielded  a  solid  clay  cake  with  a  distinctive  yellow  color. 
The  cake  was  washed  with  at  least  500  ml  of  deionized  water  to  remove  unreacted 
components — primarily  chlorides.  After  washing,  the  cake  was  dried  in  air  at  40°C  for  12 
hours  and  then  ball  milled  for  4  hours  to  produce  a  powder  that  was  suitable  for  mixing 
with  epoxy.  This  process  yielded  about  25  g  of  particulate.  The  powder  was  not  sieved, 
and  the  particle  size  distribution  was  not  characterized.  Similar  procedures  were  used  to 
synthesize  an  Al-Zn-chloride  hydrotalcite  (HT-C1).  In  this  case  a  sodium  chloride 
solution  was  substituted  for  the  sodium  vanadate  solution  in  the  initial  titration. 

Coating  Synthesis  and  Application.  HT  pigmented  coatings  were  made  by  mixing  milled 
HT  powder  into  an  amide-cured  bisphenol  epoxy  resin  conforming  to  MIL-P-23377.  HT 
was  added  to  the  resin  component  of  the  coating  in  amounts  ranging  from  25  to  30%  by 
weight.  The  mixture  was  stirred  until  a  uniform  consistency  was  achieved.  At  that  point 
hardener  was  added  and  the  coating  was  promptly  applied  to  the  substrate. 

Coatings  were  applied  to  2024-T3  (Al-4.4Cu-l.5Mg-0.6Mn)  sheet  stock  coupons 
using  a  drawdown  bar.  Two  coats  were  normally  applied  with  the  second  coat  being 
applied  several  hours  after  the  first.  Coatings  produced  in  this  way  were  uniform  in  color 
and  visually  masked  the  underlying  substrate.  Coatings  were  allowed  to  cure  for  48  hours 
at  room  temperature  and  humidity  before  any  corrosion  testing. 

Instrumental  Procedures.  X-ray  diffraction  patterns  were  collected  from  powder  samples 
using  a  Sintag  Pad-V™  diffraction  measurement  system.  Patterns  were  collected  at  a 
scan  rate  of  0.27minute  using  Cu  K„  radiation  (A,  =  1.54A). 

Inductively  coupled  plasma-optical  emission  spectroscopy  (ICP-OES)  was  used  to 
analyze  solutions  for  the  presence  of  inhibitors  released  from  the  hydrotalcite  pigment. 
Aliquots  of  solution  of  known  volume  were  acidified  with  nitric  acid,  converted  to  an 
aerosol,  and  fed  into  a  plasma  chamber.  Photon  emission  from  the  plasma  was  analyzed 
to  determine  quantitatively  the  composition  of  the  plasma  and  the  solution  from  which  it 
was  produced  with  part-per-billion  sensitivity. 

Corrosion  testing  of  coated  surfaces  was  carried  out  using  electrochemical 
impedance  spectroscopy  (ElS)-based  methods.  Tests  were  conducted  in  cells  filled  with 
0.5M  NaCl  solution  that  was  open  to  air,  but  quiescent.  Cells  were  also  fitted  with  a 
saturated  calomel  counter  electrode  and  graphite  counter  electrode  to  enable  three 
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electrode  measurements  to  be  made.  Impedance  spectra  were  collected  every  24  hours 
over  200  hours  of  total  exposure  using  a  lOmV  sine  wave  voltage  perturbation,  which 
was  varied  in  frequency  from  10  to  10'  Hz.  The  experiments  were  carried  out  using  a 
Princeton  Applied  Research  273 A  potentiostat,  and  a  Solartron  Model  1255  frequency 
response  analyzer.  The  experiment  and  data  logging  were  coordinated  by  Scribner 
Associate's  Zplot™  impedance  software. 

RESULTS  AND  DISCUSSION 


Hydrotalcite  structure.  HT  synthesis  was  verified  by  powder  x-ray  diffraction  (XRD). 
Figure  1  shows  the  x-ray  diffraction  patterns  for  an  HT-V  and  HT-C1.  The  positions  of 
peaks  and  their  relative  intensities  compares  well  with  patterns  reported  in  the  literature 
[15,  17],  and  indicate  successful  synthesis  of  a  compound  with  a  Zn  to  A1  ratio  of  2  to  1. 


At  20  values  between  10°  and  35°,  HT  XRD  patterns  are  characterized  by 
reflections  originating  from  their  layered  structure.  At  larger  20  values  reflections  are  due 
to  structure  within  the  mixed  metal  hydroxide  layer  in  the  compound.  Figure  2  shows 
schematically  the  structure  of  an  Al-Zn  HT,  which  is  characteristic  of  most  HT 
compounds.  The  structure  consists  of  layers  of  mixed  Al-Zn  hydroxide  separated  by 
layers  of  anions  and  water.  A  HT  unit  cell  contains  three  hydroxide  layers,  hence  every 
third  layer  represents  a  repeat  of  the  unit  cell  in  that  direction.  The  most  intense  reflection 
in  hydrotalcite  patterns  typically  originates  from  diffraction  from  these  hydroxide  layers, 
and  this  reflection  occurs  at  the  lowest  20  values  due  to  the  large  interplanar  spacings. 
These  reflections  are  referred  to  as  the  003  reflection.  Diffraction  from  003  multiples 
(e.g.,  006,  009,  etc.)  is  often  sufficiently  intense  to  be  observed  in  XRD  patterns.  The  unit 
cell  height  can  be  estimated  directly  using  the  003  peak  positions  and  Bragg' s  Law  where 
the  unit  cell  dimension  perpendicular  to  the  layers,  d,  is  given  by: 


n/ l 

2  sin  6 


(eq.  1). 


The  thickness  of  the  mixed  Zn-Al  hydroxide  layer  has  been  determined  to  be  4.77A  [17]. 
Subtracting  this  value  from  the  total  layer  thickness  enables  a  determination  of  the  anion 
layer  thickness.  The  anion  layer  is  referred  to  as  the  "gallery"  because  anions  can  be 
exchanged  into  or  out  of  this  layer  with  relative  ease  while  the  Al-Zn  hydroxide  structure 
serves  as  a  host  structure  that  retains  its  structure.  Using  this  calculation,  gallery  heights 
of  6.89A  and  2.92A  are  estimated  for  HT-V  and  HT-C1  respectively.  These  values  are  in 
good  agreement  with  values  available  in  the  literature  [15,  17]. 
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(003)  chloride 


7.68  -  4.77  =  2.92  A 


Figure  1.  X-ray  diffraction  patterns  for  Al-Zn-decavanadate  and  Al-Zn-chloride  hydrotalcite  compounds.  The  approximate 
ratio  of  Zn  to  A1  in  these  compounds  is  2  to  1 .  Gallery  heights  are  calculated  from  the  difference  between  the  basal  plane 
spacing  and  the  thickness  of  the  Al-Zn-hydroxide  layer  (4.77A). 
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Figure  2.  Schematic  illustration  of  the  layered  structure  in  hydrotalcite  compounds.  The  structure  consists  of  alternating  layers  of 
positively  charged  mixed  metal  hydroxide  sheets  and  anions. 
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In  the  x-ray  diffraction  patterns  shown  in  Figure  1,  the  003,  006  and  009  basal 
plane  reflections  of  the  Al-Zn-chloride  HT  can  be  clearly  distinguished  from  the  006  and 
009  reflections  of  the  Al-Zn-vanadate  HT.  This  is  the  basis  for  corrosion  sensing.  As 
chloride  exchanges  for  decavanadate  in  the  compound,  a  phase  transformation  is  induced 
and  small  cyrstallites  of  HT-C1  nucleate  in  the  particulate. 

The  003  reflection  from  the  HT-V  compound  is  not  observed  in  this  pattern.  Due 
to  large  d-spacing  of  the  003  planes,  the  diffraction  peak  occurs  at  a  20  value  less  than  4°, 
which  cannot  be  resolved  with  the  diffractometer  and  experimental  protocol  used  in  these 
experiments. 

Inhibitor  release  from  HT  particulate.  In  this  corrosion  protection  scheme,  the  HT 
particulate  serves  as  an  inhibitor  reservoir  from  which  inhibitor  can  be  released  when 
necessary.  For  the  particulate  to  be  useful  in  this  regard  it  must  preserve  the  inhibiting 
species  until  needed,  it  must  have  a  sufficient  inhibitor  capacity  to  render  effective 
protection  for  the  intended  life  of  the  coating,  and  it  must  release  the  inhibitor  at  a 
sufficient  rate  and  achieve  a  sufficient  concentration  to  protect  the  substrate  against 
aggressive  service  environments.  All  of  these  functions  are  achieved  by  HT-V 
particulate. 

Hydrotalcites  are  anion  exchange  compounds.  In  general,  ion  exchange 
compounds  consist  of  a  host  structure  with  a  fixed  charge.  In  the  case  of  HT-V,  the  host 
is  a  mixed  Al-Zn  hydroxide  that  is  positively  charged.  The  positive  charge  originates 
from  the  substitution  of  Al3+  on  Zn2+  sites  in  the  structure.  For  an  estimated  host 
composition  of  Zno.65Alo.35(OH)2,  the  net  positive  charge  is  +0.35  eq/mol. 

Within  the  host  are  open  channels  or  “galleries”,  discussed  above,  which  can 
accommodate  anions  and  solvent  molecules.  Cations  may  also  be  incorporated  into  the 
gallery  provided  that  overall  electroneutrality  is  maintained  in  the  solid.  In  the  initial 
state,  HT-V  contains  inhibiting  anions  in  the  gallery.  As  is  depicted  schematically  in 
Figure  3,  on  contact  with  an  aggressive  electrolyte  containing  chloride  ions,  an  exchange 
reaction  will  occur  in  which  the  inhibitor  anion  will  be  released,  and  chloride  will  be 
adsorbed  into  the  HT  gallery.  The  exchange  reaction  is  chemical  in  nature  and  is 
governed  by  and  equilibrium  constant  and  an  exchange  isotherm,  which  can  be  measured 
[18]: 


mint  +  NaCl(aq)  ++  HTC1  +  Nalnh  (aq)  (eq.2). 

In  this  expression  HTTnh  and  HTC1  refer  to  inhibitor  and  CF  in  the  gallery  of  the  HT 
compound  respectively.  Anion  storage  capacity  for  hydrotalcites  ranges  from  2  to  4 
meq/gram[19].  Exchange  kinetics  are  not  widely  reported  [20-22],  but  appear  to  be  fast 
enough  to  be  useful  for  corrosion  inhibition  as  will  be  shown  below. 

Figure  4  shows  the  concentrations  of  vanadium  and  zinc  detected  in  a  0.5M  NaCl 
solutions  containing  an  excess  of  solid  HT-V  particulate.  The  plot  shows  the 
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Ht Inh  +  NaCl(aq)  »  HTC1  +  Na Inh 


Figure  3.  Schematic  illustration  of  anion  exchange  in  hydrotalcite  compounds. 
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Figure  4.  Concentration  as  a  function  of  exposure  time  for  vanadium  and  zinc  in  0.5M  NaCl  solution  in  contact  with  an  excess 
of  Al-Zn-decavanadate  hydrotalcite  powder. 
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concentrations  of  Y  and  Zn  expressed  as  parts  per  million  by  weight  (ppmw)  as  a 
function  of  exposure  time.  These  data  show  that  appreciable  concentrations  of  both  Zn 
and  V  accumulate  rapidly  in  solution  and  that  there  is  not  a  significant  variation  in 
concentration  beyond  24  hours.  Information  on  vanadate  speciation  is  not  available  from 
ICP-OES  measurements,  however  the  steady  state  pH  in  these  solutions  was  found  to 
range  from  5.97  to  6.30.  At  this  pH,  vanadium  in  solution  should  exist  primarily  as 
metavanadate  (e.g.,  V3O93",  or  V4O124')  under  equilibrium  conditions.  Metavanadates 
have  been  shown  to  be  good  inhibitors  of  A1  corrosion  in  this  and  other  studies  [14].  In 
experiments  carried  out  in  a  related  study  in  our  laboratories,  we  have  used  a 
combinatorial  chemistry  approach  to  show  that  A1  alloy  corrosion  is  significantly 
inhibited  in  solutions  produced  by  leaching  vanadates  and  Zn2+  from  HT-V  particulate 
[23],  In  a  direct  experimental  comparison,  this  solution  was  found  to  be  more  inhibiting 
than  a  1  mM  chromate  solution  in  terms  of  the  effect  on  the  pitting  potential  distribution 
for  2024-T3. 

While  the  release  of  vanadates  from  the  HT-V  particulate  by  anion  exchange  was 
expected  in  these  experiments,  the  release  of  Zn2+  was  not.  As  indicated  by  XRD  (shown 
later)  of  HT-V  particulate  after  exposure  to  solutions,  Zn2+  release  does  not  occur  due  to 
large-scale  breakdown  of  the  Al-Zn  host;  structural  integrity  of  the  hydrotalcite  is 
retained.  The  origins  of  Zn2+  release  are  not  obvious  based  on  experiments  conducted  so 
far.  However,  there  are  several  possible  routes  for  Zn2+  into  solution.  First,  Zn2+  may 
reside  in  the  galleries  of  the  compound.  Cations  can  be  present  in  the  galleries  provided 
that  overall  charge  neutrality  of  the  hydrotalcite  compound  is  maintained.  In  this  case, 
Zn2+  release  would  be  expected  to  occur  in  conjunction  with  decavanadate  release,  a 
second  possibility  is  that  during  HT-V  synthesis  a  hetero-poly oxometallate  of  Zn  and  V 
may  form  and  be  incorporated  into  the  gallery  of  the  compound.  Release  of  the  Zn-V 
metallate  would  result  in  release  of  Zn  and  detection  by  ICP-OES.  This  does  not  appear 
likely,  as  XRD  measurements  of  the  gallery  height  are  consistent  with  the  presence  of 
decavanadate  and  not  a  presumably  larger  Zn-V  metallate.  More  likely  is  the  possibility 
of  selective  dissolution  of  Zn2+  from  Zn-Al- vanadate  hydrotalcites,  which  has  been 
reported  on  several  occasions  [24,  25],  These  reports  indicate  Zn2+  dissolution  without 
structural  decomposition  of  the  compound  during  exposure  to  mildly  or  strongly  acidic 
solutions. 

Corrosion  Inhibition.  HT-V  pigments  are  good  corrosion  inhibitors.  Figure  5  is  a  set  of 
optical  macrographs  showing  2024-T3  coupons  before  and  after  exposure  to  ASTM  B1 17 
salt  spray.  In  these  experiments,  2024-T3  coupons  were  coated  with  3  wt.  %  HT-V 
pigment  dispersed  in  lOwt  %  polyvinyl  alcohol  (PVA)  solution  [(-CH2-CH(OH)-]n  (n= 
13,000  -  23,000).  This  mixture  was  then  cast  onto  degreased  and  deoxidized  2024-T3 
substrates.  The  coating  was  allowed  to  dry  and  was  then  cured  for  2  hours  at  150°C  to 
remove  residual  water  and  form  a  three-dimensional  polymer  network.  During  curing  the 
PVA  polymerizes  becomes  insoluble  in  water.  The  use  of  PVA  as  the  resin  component  in 
coatings  is  an  experimental  convenience  only.  PVA  is  quite  water  permeable,  and  as  such 
is  not  necessarily  a  good  resin  for  durable  coatings.  However,  it  allows  for  ready 
observation  of  the  behavior  of  corrosion  inhibition  of  pigments  in  laboratory  experiments, 
and  for  this  reason,  it  was  used  in  these  experiments. 
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PVA/HT-V  no  exposure  PVA/HT-V  after  240h  PVA  only  after  240h 


Figure  5.  Optical  macrographs  of  2024-T3  coupons  coated  with  PVA  with  and  without  HT-V  inhibitors  before  and  after 
exposure  to  ASTM  B 1 1 7  salt  spray. 
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The  leftmost  panel  shows  the  appearance  of  the  coated  panel  prior  to  exposure. 
The  coating  is  not  opaque  and  the  coupon  exhibits  a  yellow-brown  coloration  due  to  the 
presence  of  the  HT-V  pigment  in  the  PVA.  Examination  of  coating  cross  sections  by 
scanning  electron  microscopy  revealed  the  coating  thickness  to  be  on  the  order  of  3  pm. 
The  center  panel  shows  a  coupon  that  had  been  exposed  to  salt  spray  for  240  hours.  The 
rightmost  sample  was  coated  only  with  PVA  then  exposed  to  salt  spray  along  side  the 
sample  with  the  HT-V  pigment.  Comparison  of  the  center  and  right  sample  illustrates  the 
high  level  of  corrosion  protection  associated  with  the  presence  of  the  HT-V  pigment  in 
the  coating. 

Evidence  of  corrosion  protection  by  HT-V  pigment  can  also  be  detected  in  the 
EIS  response  of  coated  samples.  In  EIS  experiments,  coupons  were  coated  with  PVA 
only,  PVA  plus  3  wt.%  HT-V  pigment  and  PVA  plus  3  wt.%  NaVCE.  Coated  coupons 
were  fixed  in  a  cell  that  permitted  exposure  of  16  cm2  of  the  coupon  surface. 

In  most  cases,  the  impedance  response  was  that  of  a  distributed  single  time 
constant,  which  yielded  a  partially  resolved  semi-circular  arc  in  a  complex  plane  plot  of 
the  data.  These  spectra  were  analyzed  by  equivalent  circuit  modeling  and  complex  non¬ 
linear  least  squares  fitting  of  the  measured  spectrum  to  the  equivalent  circuit  model 
response.  This  procedure  was  carried  out  using  Scribner  Associate's  Zview™  software. 
The  equivalent  circuit  model  used  was  a  Simplified  Randles  circuit,  which  consisted  of  a 
parallel  resistor-constant  phase  element  combination  [26],  This  two-element  network  was 
then  placed  in  series  with  a  solution  resistance.  The  fitting  routine  minimized  the  residual 
error  between  the  measured  spectrum  and  a  model  response  by  adjusting  the  numerical 
values  of  the  circuit  elements  in  the  equivalent  circuit  model.  The  fit  was  optimized  when 
a  root  mean  square  error  of  less  than  5%  between  the  experimental  data  and  the  model¬ 
generated  fit  was  obtained.  The  numerical  value  of  the  series  resistance  determined  from 
this  analysis  was  taken  as  a  figure  of  merit  for  ranking  the  relative  corrosion  resistance  of 
the  various  coated  surfaces.  This  value  is  referred  to  as  "Rc".  The  samples  coated  with 
PVA  exhibited  poor  corrosion  resistance  sometimes  exhibited  a  two  time  constant 
impedance  response.  In  these  cases,  the  total  impedance  at  the  lowest  measured 
frequency  was  taken  as  the  value  of  Rc. 

Figure  6  shows  the  variation  in  single  point  measurements  of  Rc  as  a  function  of 
exposure  time  to  aerated  0.5  M  NaCl  solution.  The  PVA-only  control  sample  yields  an  Rc 
value  of  about  10  ohm-cm  after  24h  exposure,  but  this  decreases  to  a  value  of  10  ohm- 
cm2  after  lOOh.  This  value  of  Rc  is  similar  to  that  observed  for  unprotected  A1  alloys 
exposed  to  aerated  chloride  solutions.  By  comparison,  the  PVA  coatings  dosed  with 
NaVCE  and  HT-V  pigment  maintain  very  high  values  of  Rc  over  the  entire  duration  of  the 
experiment.  The  range  of  Rc  values  for  the  HT-V  pigmented  coatings  are  consistently  5  to 
10  times  greater  than  those  of  the  NaVCE  pigmented  coating.  The  increased  corrosion 
resistance  of  the  HT-V  bearing  coatings  is  attributed  to  the  release  of  Zn2+  ions  by  the 
pigment. 

Figure  7  shows  anodic  and  cathodic  polarization  curves  for  2024-T3  exposed  to 
0.124  M  NaCl  solution  at  pH  6.  In  figure  7a,  anodic  polarization  curves  are  shown  for 
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Figure  6.  Rc  (Rcoat)  for  PVA  coated  2024-T3  substrates  as  a  function  of  exposure  time  to  aerated  0.5M  NaCl  solution.  (PVA/V-HT) 
PVA  resin  containing  3  wt.%  Al-Zn-decavanadate  particulate  additive,  (PVA/V)  PVA  resin  with  3wt.%  NaV03  added,  (PVA  only) 
PVA  resin  with  no  additives. 
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Figure  7.  (a)  Anodic  and  (b)  cathodic  polarization  curves  for  2024-T3  in  0.1 24M  NaCl  solution  open  to  air  with  and  without 
additions  of  0.1M  NaV03. 
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experiments  with  and  without  0.1M  NaVC>3  in  solution.  In  the  presence  of  NaVC>3,  the 
pitting  potential  of  the  alloy  is  increased  by  about  100  mV  indicating  the  vanadates 
inhibit  anodic  reactions  on  this  alloy.  Figure  7b  shows  cathodic  polarization  curves  in  the 
presence  and  absence  of  NaVC>3.  This  figure  shows  the  region  of  the  polarization 
response  where  diffusion  limitation  dominates  the  rate  of  oxygen  reduction  on  bare  A1 
alloys.  Comparison  of  these  curves  shows  that  the  presence  of  NaV03  at  a  0.1M 
concentration  has  only  a  minor  effect  on  reducing  the  rate  of  oxygen  reduction  on  2024- 


T3. 


To  put  these  results  in  perspective,  sub-millimolar  concentrations  of  NaCrC>4 
dissolved  in  aqueous  chloride  solutions  have  been  observed  to  strongly  reduce  cathodic 
kinetics  on  A1  alloys  [27],  In  terms  of  anodic  kinetics,  increases  in  the  pitting  potential  of 
aluminum  are  detected  in  anodic  polarization  responses  when  the  chromate: chloride  ratio 
exceeds  0.1  to  10  depending  on  the  concentration  range  [28],  In  this  respect,  vanadates 
are  not  as  good  cathodic  inhibitors  as  chromates,  but  are  as  good,  if  not  better  anodic 
inhibitors  than  chromates. 

The  release  of  Zn2+  from  HT-V  may  be  significant  with  respect  to  cathodic 
inhibition  by  HT-V  pigments.  Figure  8  shows  the  cathodic  polarization  curves  for  2024- 
T3  in  0.124  M  NaCl  solutions  with  various  amounts  of  Zn2+  added.  These  curves  show 
that  cathodic  kinetics  are  reduced  in  the  diffusion-limited  oxygen  reduction  reaction 
regime  as  the  Zn2+  concentration  increases.  The  affect  Zn2+  on  cathodic  kinetics  is  not  as 
strong  as  that  observed  for  chromates,  but  it  contributes  to  the  overall  corrosion 
protection  afforded  by  HT-V  pigments  in  PVA  resins.  The  action  of  Zn2+  on  cathodic 
kinetics  is  unusual  in  the  sense  that  the  diffusion  limited  current  density  is  reduced 
without  an  apparent  transition  to  activation  control.  This  is  likely  due  to  the  fact  that 
oxygen  reduction  occurs  locally  at  points  on  the  surface  defined  by  intermetallic 
particles.  As  a  result,  spherical  diffusion  rather  than  planar  diffusion  controls  the  limiting 
current  density.  Zn2+  may  act  at  some  fraction  of  these  sites  to  stifle  their  ability  to 
support  reduction  reactions.  In  this  case,  the  diffusion  limitation  evident  in  the 
polarization  response  is  retained,  albeit  at  a  lower  overall  current  density. 

HT-V  pigmented  epoxy  primers  prepared  as  described  in  the  experimental 
procedures  are  sufficiently  corrosion  resistant  to  protect  against  significant  corrosion  in 
scribes.  Figure  9  shows  several  optical  macrographs  of  scribes  exposing  underlying 
substrate  through  a  neat  epoxy  resin,  an  epoxy  resin  containing  1  pm  alumina  particulate, 
HT-V  pigment,  and  SrCrC>4  pigment.  These  coatings  were  applied  using  a  drawdown  bar 
and  were  allowed  to  cure  for  48  hours  before  exposure  testing.  Once  cured,  the  surfaces 
were  exposed  to  aerated  0.5M  NaCl  solution  for  approximately  400  hours.  Inspection  of 
the  macrographs  shows  varying  degrees  of  corrosion  damage.  Significant  corrosion  is 
evident  in  the  scribe  in  the  neat  resin  coating  and  the  alumina-filled  coating.  No  corrosion 
is  observed  in  the  SrCrOzj-bearing  coating.  However,  the  coating  was  leached  of  chromate 
so  significantly  that  the  contacting  solution  in  the  exposure  cell  turned  yellow.  This 
solution  was  probably  inhibited  enough  so  that  corrosion  of  the  substrate  was  not 
possible.  In  the  case  of  the  HT-V  pigmented  coating,  a  small  amount  of  corrosion  was 
detected  in  one  leg  of  the  scribe.  The  small  amount  of  corrosion  damage  is  consistent 
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Figure  8.  Cathodic  polarization  curve  for  2024-T3  in  aerated  0.124M  NaCl  solution  with  increasing  amounts  of  Zn2+  added  as  ZnCl2. 
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Figure  9.  Optical  macrographs  of  coated  and  scribed  samples  exposed  to  aerated  0.5M  NaCl  solution  for  400  hours.  Exposed 
circular  areas  are  32  cm2. 
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with  leaching  of  vanadates  and  Zn  to  inhibit  corrosion.  Further  experiments  examining 
self-healing  using  a  simulated  scratch  cell  [29]  have  been  conducted  that  show  that  HT-V 
epoxy  coating  do  leach  vanadates  and  Zn2+  and  can  protect  bare  surfaces  in  close 
proximity  to  the  coating  [30], 

Corrosion  sensing.  Corrosion  sensing  with  hydrotalcite  pigments  dispersed  in  organic 
resins  is  based  on  the  change  in  the  crystal  structure  that  is  associated  with  inhibitor  anion 
release  and  chloride  ion  uptake.  This  is  expected  to  occur  when  electrolyte  penetrates  into 
the  coating.  Remote  detection  is  accomplished  by  x-ray  diffraction.  This  strategy  does  not 
sense  corrosion  directly,  but  would  indicate  an  environmental  change  in  the  coating  that 
is  a  prelude  to  corrosion. 

As  discussed  earlier,  hydrotalcites  are  layered  compounds  comprised  of 
alternating  sheets  of  mixed  metal  hydroxides  and  sheets  of  anions.  The  primary  indicator 
of  electrolyte  permeation  in  the  coating  is  the  appearance  of  a  new  basal  plane  diffraction 
peak  associated  with  the  nucleation  of  a  new  hydrotalcite  phase  containing  chloride  or 
sulfate  from  the  electrolyte.  Since  both  of  these  ions  have  smaller  sizes  that 
decavanadate,  the  basal  plane  spacing  of  the  new  hydrotalcite  phase  will  be  smaller  than 
that  of  the  HT-V  compound  causing  a  new  diffraction  peak  to  appear. 

Figure  10  shows  a  series  of  diffraction  patterns  for  the  HT-V  hydrotalcite  powder 
exposed  for  22  days  to  deionized  water,  0.5M  NaCl  solution  and  a  saturated  NaCl 
solution.  The  diffraction  pattern  for  unexposed  HT-V  is  shown  for  comparison.  In  each  of 
the  diffraction  patterns  from  samples  exposed  to  chloride  solutions  there  is  a  distinctive 
diffraction  peak  from  the  003  basal  plane  of  HT-C1  hydrotalcite  at  about  12°  20.  The  very 
weak  peak  at  this  position  in  the  unexposed  sample  is  due  to  slight  chloride 
contamination  of  the  HT-V  powder. 

Solution  exposure-induced  changes  in  the  HT-V  diffraction  pattern  when  the 
pigment  is  dispersed  in  epoxy  and  applied  to  a  2024-T3  substrate  are  shown  in  Figure  11. 
In  this  experiment,  two  coats  of  25  wt.%  HT-V  epoxy  primer  were  applied  to  degreased 
and  deoxidized  2024-T3.  After  drying  or  48  hours,  x-ray  diffraction  patterns  were 
collected  from  the  surface.  These  patterns  appear  in  Figure  1  la.  Only  35°  of  the  pattern 
are  shown,  but  broad  006  and  009  basal  plane  reflections  are  evident  at  about  16°  and  24° 
respectively.  A  diffraction  pattern  was  then  collected  after  456  hours  of  exposure  to 
aerated  0.5M  NaCl  solution.  This  pattern  is  shown  in  Figures  1  la  against  the  diffraction 
pattern  of  the  unexposed  coating,  and  in  Figure  1  lb  against  the  diffraction  patterns  for 
HT-V  and  HT-C1  hydrotalcite  powders.  The  pattern  from  the  exposed  coating  contains  of 
a  very  broad  peak  centered  at  about  15°  that  appears  to  be  comprised  of  overlapping  006 
HT-V  and  003  HT-C1  peaks.  Other  possible  contributions  to  broadening  include 
exchange  of  carbonate  into  the  anion  layer  of  the  hydrotalcite,  and  peak  broadening  due 
to  the  presence  of  very  fine  HT-C1  crystallites.  The  009  HT-V  reflection  is  still  present  in 
the  pattern  indicating  that  the  HT-V  pigment  has  retained  structural  integrity.  In  any  case, 
the  profound  changes  in  the  diffraction  pattern  of  HT-V  occur  upon  exposure  to  solution 
indicating  that  x-ray  diffraction  can  be  used  to  remotely  detect  environmental  changes  in 
the  coating  due  to  exposure  to  aggressive  environments. 
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Figure  10.  X-ray  diffraction  patterns  from  Al-Zn-decavanadate  hydrotalcite  powder  specimens,  (a)  unexposed,  (b)  exposed  to  deionized 
water  for  22  days,  (c  )  exposed  to  0.5M  NaCl  solution  for  22  days,  (d)  exposed  to  saturated  NaCl  solution  for  22  days.  Boxed  region 
contains  the  HT-V  006  reflection  at  about  16°  and  the  003  HT-chloride  reflection  at  about  12°. 
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Figure  11.  X-ray  diffraction  patterns  from  HT-V  dispersed  in  epoxy  resin  and  exposed  to  aerated  0.5M  NaCl  solution  for  450  hours. 
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SUMMARY 


In  this  paper,  the  basic  aspects  of  corrosion  protection  and  corrosion  sensing 
enabled  by  Al-Zn-decavandate  hydrotalcite  pigments  in  epoxy  are  demonstrated. 
Corrosion  protection  originates  from  release  of  vanadates  and  Zn2+,  which  are  anodic  and 
cathodic  inhibitors  respectively  for  A1  alloys.  Corrosion  protection  due  to  leaching  of 
these  two  inhibitors  is  sufficient  to  suppress  corrosion  in  scribes  exposing  underlying 
bare  metal  during  exposure  to  salt  spray  testing.  Corrosion  sensing  consists  of  detection 
of  electrolyte  permeation  into  coatings,  which  is  often  a  prelude  to  corrosion  under 
coatings.  This  is  achieved  by  exploiting  the  change  in  basal  plane  spacing  in  hydrotalcites 
that  accompanies  ion  exchange.  In  this  case,  inhibiting  decavanadate  ion  is  exchanged  for 
chloride  or  sulfate  contained  in  the  attacking  electrolyte.  Inhibitor  is  released,  attacking 
ions  are  taken  up  and  nucleate  a  new  hydrotalcite  phase  with  a  different  basal  plane 
spacing.  The  presence  of  this  new  phase  can  be  detected  remotely  by  x-ray  diffraction. 
Taken  together,  these  results  show  that  the  use  of  hydrotalcite  pigments  in  organic 
coatings  may  lead  to  new  coatings  with  useful  levels  of  corrosion  protection  for  A1  alloys 
and  can  enable  a  new  means  for  determining  when  coating  replacement  is  warranted. 
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Results  and  Accomplishments  Part  IV: 

Integrated  Coating  System  Evaluation 

OBJECTIVE  AND  APPROACH 

The  objective  of  this  task  was  to  evaluate  properties  related  to  corrosion  resistance 
of  several  Cr-free  coating  systems  comprised  of  selected  Cr-free  pretreatments  and  an 
epoxy  primer  coating  containing  a  hydrotalcite  corrosion-inhibiting  pigment.  The 
performance  of  these  coatings  systems  was  evaluated  against  positive  control  sample 
comprising  a  chromate  conversion  coatings  and  a  SrCrCVpigmented  epoxy  primer  (MIL- 
P-23377),  and  a  negative  control  comprising  an  epoxy  neat  resin  applied  on  an  aluminum 
alloy  surface  that  was  cleaned  and  deoxidized  only. 

All  the  samples  were  exposed  for  1344h  according  to  ASTM  B1 17  salt  fog 
exposure,  and  to  condensing  ultraviolet  exposure  using  a  Q-UV  exposure  chamber  per 
ASTM  G  154-00a  conditions.  Paint  adhesion  was  examined  using  a  Pneumatic  Adhesion 
Tensile  Test  Instrument  (PATTI).  Electrochemical  Impedance  Spectroscopy  (EIS)  and 
XRD  were  carried  out  to  assess  corrosion  protection  of  the  samples  during  salt  spray  and 
UV  exposures. 

MATERIALS  AND  METHODS 

Substrates.  Aluminum  alloy  2024-T3  Substrates  were  used  as  substrates  for  all  coatings. 
Commercial  2.0-ram  thick  AA2024-T3  sheet  stock  was  purchased  from  Midwest  Metals, 
Inc.  The  alloy  had  the  following  composition:  All-3. 8-4. 9Cu,  1.2-1. 8  Mg,  0.3-0. 9  Mn,  0.5 
Si  and  Fe,  0.15  Zn  and  Ti,  and  0.1  Cr  wt%. 

Substrate  Cleaning.  All  coupons  were  cleaned  using  Alconox  and  rinsed  using  tap 
water.  Immediately  following  the  cleaning  rinse,  coupons  were  immersed  in  a  bath 
containing  48.0  g  Na2CC>3,  32.4g  Na2SiC>3,  1000.0  ml  deionized  (DI)  H2O  at  about  65°C 
for  2  min.  The  coupons  were  cleaned  by  two  Dl-water  rinses.  The  degreased  coupons 
were  deoxidized  by  3-min  immersion  in  a  bath  containing  30.0  g  Sanchem  1000,  72.0  ml 
HNO3  (concentrated)  and  1000.0  ml  DI-H20  at  about  55°C.  Coupons  were  subject  to  a 
final  clean  by  Dl-water  rinsing. 

Pretreatments.  Sample  pretreatments  (conversion  coatings)  were  carried  out  on  substrate 
immediately  following  the  deoxidizing.  Five  potential  nonchromated  pretreatment 
alternatives  were  used.  They  included  vanadate  conversion  coating  (VCC),  silane 
adhesive  protection  with  and  without  cerium,  cerium  conversion  coating  and  with  and 
without  molybdenum  modification. 

The  coatings  were  then  allowed  to  stand  overnight  with  subsequent  primer 
application.  The  primer  coatings  were  applied  within  24h  after  the  pretreatment.  The 
coating  systems  were  cured  at  ambient  conditions  for  5  days  before  testing. 
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Chromate  conversion  coating  (CCC).  CCCs  were  applied  according  to  the 
Alodine  1200S,  process:  7.55g/L,  pH  1.55  Cr03/HN03  bath.  The  bath  solution  was 
stirred  for  3  hours  at  room  temperature  prior  to  use.  Deoxidized  2024-T3  panels  were 
exposed  in  the  bath  at  RT  for  lmin.  Panels  were  then  subject  to  two  DI- water  rinses  for 
lmin. 


Vanadate  conversion  coating  (VCC).  VCCs  were  applied  using  an  internally 
developed  process.  The  coating  bath  chemistry  used  was:  10  mM  NaVCb,  9  mM  NaF  ,  12 
mM  KBF4,  1  mM  K2ZrF6,  3  mM  KsFefCNV,.  The  bath  solution  was  adjusted  to  pH  1.69 
using  concentrated  HNO3  and  stirred  for  3  hours  at  room  temperature. 

Deoxidized  2024-T3  panels  were  exposed  in  the  bath  at  RT  for  lmin.  Panels  were 
then  subject  to  two  Di-water  rinses  for  lmin. 

Cerium  conversion  Coating.  Cerium  conversion  coatings  are  a  potential  a  non¬ 
toxic  alternative  to  chromate  conversion  coating.  The  coating  bath  consisted  of  10g/l 
CeCl3  7H20  +  40ml/l  (30  wt%)  H202,  pH  ~  2.0. 

Cerium/Molybdenum  conversion  coating  (Ce-Mo).  Expose  the  samples  in  water 
saturated  environment  for  3hrs  at  90°C  then  rinsed.  Expose  the  samples  in  lOmM 
Ce(NC>3)3  at  ~  90°C  for  2hrs  and  rinsed.  The  samples  were  then  exposed  in  lOmM 
CeCb  7H20  at  ~  90°C  for  2hrs  and  rinsed.  Another  set  was  prepared  by  degreasing, 
deoxidizing,  step  1  to  step  3  (above)  followed  by  anodic  polarization  of  samples  at 
+500mV  in  Na2Mo04  for  2hrs. 

Silane  pretreatment.  Two  silanes,  a  nonfunctional  silane  and  an  organo-functional 
silane  were  used  as  pretreatments.  The  two  silanes  used  were:  1,2-bis- 
(triethoxysilyl)ethane  (BTSE),  and  3-aminopropyltriethoxysilane  (3-APS). 

The  BTES  solution  chemistry  (by  volume)  was  4%  BTSE,  6%  water,  90%  methanol  pH 
=  6.  Solution  pH  was  adjusted  using  acetic  acid  or  sodium  hydroxide.  The  solution  was 
stirred  for  4-5  hours  to  hydrolyze  the  silane  completely.  Degreased  and  deoxidized  Al- 
2024-T3  panels  were  dipped  in  the  first  solution  for  2  minutes,  air  dried  and  then  dipped 
in  the  solution  again  for  2  minutes.  Finally,  the  panel  was  blow  dried  and  cured  at  room 
temperature  for  24  hours. 

Cerium-inhibited  silane  pretreatment.  Conversion  coatings  were  made  by 
deposition  of  hydrated  cerium  oxide  from  acidified  cerium  solutions.  Silane/Cerium 
coatings  were  made  and  under  investigation  at  the  University  of  Cincinnati  (Prof.  Van 
Ooij’s  group).  Ce3+-doped  inorganic-organic  material  hybrid  material  was  prepared  using 
functionalized  silanes  by  sol-gel  process.  Functionalized  Silane/Cerium  molar  ratio  is  an 
important  variable  in  coating  formation.  Though  it  is  not  clearly  established  in  this  study, 
it  seems  there  is  an  optimal  value  of  this  ratio.  Beyond  that  ratio,  corrosion  performance 
of  these  coatings  decreases  drastically.  A  0.1  M  Ce(NC>3)3  solution  was  prepared  and  1.5 
ml.  of  this  solution  was  dissolved  in  3-APS  solution.  Again,  a  2-step  coating  was 
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prepared  on  degreased  and  deoxidized  A1-2024-T3  panel  using  BTSE  solution  and  3-APS 
/  Ce(NC>3)3  solution  as  described  before. 

Synthesis  of  hydrotalcite  (HT-V)  corrosion-inhibiting  pigment.  HT-V  pigment  was 
prepared  using  direct  synthesis  by  co-precipitation  in  the  presence  of  exchangeable  anion. 
In  this  process,  a  NaVC>3  solution  was  acidified  to  pH  4.5  using  HC1.  Decavanadate  anion 
[V10O28]6’  formed  and  was  stable  up  to  pH  6.5  and  a  solution  color  change  to  orange  was 
observed.  This  solution  was  then  titrated  using  Z11CI2,  AICI3  6H2O  and  NaOH.  The 
solution  was  aged  overnight  at  55°C.  The  resulting  precipitate  was  filtered  and  dried 
overnight  at  400°C.  It  was  then  ground  to  get  fine  Zn-Al-[V  1002s]6'  (HT-V)  powder. 

HTV  epoxy  coating  preparation.  A  two-part  epoxy  resin  was  used  to  form  coatings 
(component  A  was  an  unpigmented  epoxy.  Component  B  was  curing  agent  based  on  a 
polyamide-amine  mixture.  (Deft  Inc.  Irvine,  CA,  satisfying  MIL-P-23377G  Primer 
specification,  type  02-Y-40).  The  mix  ratio  (A:B)  was  10:  4.15  by  weight.  42.45g  HT-V 
powder  was  mixed  with  90g  component  A.  The  mixture  was  stirring  using  a  magnetic  bar 
for  1  h  at  room  temperature.  37.35  g  component  B  then  was  added  into  the  mixture  and 
stirred  for  0.5  hour  before  forming  coatings. 

Forming  of  HT-V  Epoxy  primer  coatings.  Pretreated  2024-T3  coupons  were 
coated  using  HTV  pigmented  epoxy  by  rolling  method.  A  RDS  09  rolling  coating  bar 
was  used.  Single  layer  coatings  were  applied  on  each  sample.  Samples  were  cured  for  5 
days  in  ambient  air  at  250°C  before  UV  and  salt  spray  exposure. 

Salt  spray  exposure  testing.  Salt  spray  exposure  was  carried  out  in  a  salt  fog  chamber 
under  conditions  specified  by  ASTM  B  1 17.  A  5  wt.%  NaCl  solution  at  pH  6.8  and  35°C 
was  used.  The  exposure  period  was  1344  hours.  Sample  edges  were  sealed  using  red 
lacquer  to  suppress  edge  corrosion.  Sample  labels  were  protected  by  salt  fog  resistant 
tape.  Samples  were  racked  at  a  15-30°  angle  from  the  vertical. 

UV  exposure  testing.  UV  exposure  was  carried  out  in  a  QUV  accelerated  weathering 
tester.  Q-panel  products.  Exposure  was  carried  out  according  to  ASTM  G  154-00a.  A  340 
nm  UV  light  was  used  for  illumination  (recommended  by  ASTM  G  154  for  direct  solar 
UV  radiation).  The  exposure  cycle  was  8h  UV  exposure  at  70  ( ±  3)°C  followed  by  4h 
water  condensation  at  50  ( ±  3)°C  . 

Adhesion  Testing.  To  determine  the  adhesive  strength  of  the  coating  this  test  was 
performed.  Adhesion  testing  was  carried  out  using  Elcometer  110  PATTI  (Pneumatic 
adhesion  tensile  test  instrument).  An  aluminum  pull  stub  was  glued  tot  he  test  surface  and 
then  a  pulling  piston  was  attached  to  the  pull  stub.  A  pulling  force  was  applied  by  pulling 
piston  and  recorded  as  the  figure  of  merit. 

Electrochemical  Impedance  Spectroscopy  (EIS).  EIS  was  carried  out  to  characterize 
coating  corrosion  protection.  EIS  was  performed  using  a  Solartron  Model  1255  frequency 
response  analyzer,  an  EG&G  PAR  273  potentiostat.  Data  collection  and  analysis  was 
performed  using  Z-plot  software1™’.  Spectra  were  collected  at  the  sample  open  circuit 
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potential  using  an  voltage  signal  with  an  amplitude  of  10  mV.  The  frequency  of  the  signal 
was  swept  from  10  kHz  to  10  mHz  at  a  rate  of  7  points  per  decade  frequency. 

RESULTS 

Salt  spray  exposure  testing.  Figures  1  through  9  are  optical  macrographs  of  coated 
sample  replicates  at  selected  exposure  times  ranging  from  no  exposure  (as-coated)  up 
through  8  weeks.  Figure  1  shows  positive  control  samples  conforming  to  MIL-P-23377. 
These  coatings  comprise  a  chromate  conversion  coating  and  a  SrCrO/rpigmented  primer 
coating.  Figure  4  shows  the  negative  control  samples.  These  samples  were  deoxidized 
and  coated  with  an  unpigmented  (neat)  epoxy  resin.  There  is  no  active  inhibitor  in  these 
coatings  and  any  corrosion  protection  is  derived  only  from  the  barrier  properties  of  the 
epoxy  coating.  The  remaining  samples  are  the  experimental  Cr-free  coating  systems.  As 
suggested  by  the  figures,  samples  were  scribed  with  an  “X”  across  the  face  to  expose 
underlying  bare  metal  prior  to  exposure. 

Corrosion  damage  manifested  itself  on  these  samples  in  three  main  modes:  1) 
corrosion  in  the  scribe,  2)  blistering  or  filiform  corrosion  under  the  coating  that  initiated 
at  the  scribe,  and  3)  blistering  away  from  the  scribe  or  sample  edges.  Blisters  were 
localized  regions  over  which  the  coating  was  forcibly  separated  from  the  underlying 
substrate  by  corrosion  product.  This  corrosion  product  was  visible  through  the  coating 
and  was  usually  red  or  rusty  in  color.  In  some  cases,  blisters  were  ruptured  and  the 
uncoated  surface  was  covered  with  red  and  white  corrosion  product. 

The  mode  and  intensity  of  corrosion  on  replicate  samples  of  a  given  type  was 
remarkably  consistent — even  as  corrosion  damage  accumulated  as  a  function  of  exposure 
time.  This  suggests  that  any  variability  due  to  coating  application  methods  was  minimal 
compared  to  factors  driving  the  corrosion  process  such  as  environment  aggressiveness  or 
coating  chemistry. 

The  positive  control  sample  did  not  exhibit  significant  corrosion  of  any  type 
during  the  exposure  experiment.  There  was  some  loss  of  color  intensity  with  time  due  to 
leaching  of  soluble  SrCrC>4  pigment  from  the  epoxy  primer  coating.  Performance  of  this 
set  of  samples  represents  an  upper  performance  benchmark  for  the  experimental  Cr-free 
samples. 

In  order  to  chronicle  the  corrosion,  specimens  were  numerically  rated  as  per 
ASTM  D  1654  method  A  and  B  for  damage  at  the  eight- week  exposure  point.  Tables  1 
and  2  detail  corrosion  performance  for  each  coating. 

Among  Cr-free  coating  candidates,  the  pretreatment  with  the  best  performance  is 
the  Ce  and  Ce-Mo  based  conversion  coating.  Except  a  slight  lifting  started  at  the  end  of 
scribe,  the  Ce-Mo  pretreated  coupons  performed  well  during  8  weeks  of  salt  fog  exposure 
with  the  highest  ratings  among  the  coating  systems.  The  small  delamination  formed  on 
two  Ce-Mo  coupons  at  the  2nd  week  had  no  significant  increase  in  size  until  8  weeks  of 
exposure.  Compared  to  Ce-Mo  pretreated  coupons,  Ce-only  pretreated  coupons 
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170h  SST 


Two  weeks  SST  Eight  weeks  SST 


Figure  1.  Optical  macrographs  of  the  chromate-coated  positive  control  samples  at  selected  times  during  the 
experiment.  Three  replicate  panels  are  shown.  Exposure  times  are  noted  under  each  set  of  replicates. 
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Figure  2.  Optical  macrographs  of  the  samples  with  the  HT-V-pigmented  primer  over  a  Ce/Mo  conversion  c 
during  the  salt  spray  exposure  experiment.  Three  replicate  panels  are  shown.  Exposure  times  are  noted  undt 
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Figure  3.  Optical  macrographs  of  the  samples  with  an  HT-V-pigmented  primer  over  a  Ce  conversion  coatin 
the  salt  spray  exposure  experiment.  Three  replicate  panels  are  shown.  Exposure  times  are  noted  under  each  5 
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Figure  4.  Optical  macrographs  of  the  neat  epoxy  negative  control  samples  at  selected  times  during  the  salt 
Three  replicate  panels  are  shown.  Exposure  times  are  noted  under  each  set  of  replicates. 
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Figure  5.  Optical  macrographs  of  the  HT-V-pigmented  epoxy  coatings  applied  to  deoxidized  2024-T3  surfa 
the  salt  spray  exposure  experiment.  Three  replicate  panels  are  shown.  Exposure  times  are  noted  under  each  s 
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Figure  6.  Optical  macrographs  of  HT-V-pigmented  epoxy  over  a  vanadate  conversion  coating  at  selected  tin 
exposure  experiment.  Three  replicate  panels  are  shown.  Exposure  times  are  noted  under  each  set  of  replicate 
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Figure  7.  Optical  macrographs  of  neat  epoxy  coatings  applied  to  vanadate  conversion  coated  samples  at  seh 
spray  exposure  experiment.  Three  replicate  panels  are  shown.  Exposure  times  are  noted  under  each  set  of  re] 
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Figure  8.  Optical  macrographs  of  the  HT-V-pigmented  epoxy  over  a  silane  pretreatement  at  selected  time 
exposure  experiment.  Three  replicate  panels  are  shown.  Exposure  times  are  noted  under  each  set  of  replict 
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Figure  9.  Optical  macrographs  of  HT-V-pigmented  epoxy  coatings  applied  to  Ce-inhibited  silane  pretreater 
selected  times  during  the  salt  spray  exposure  experiment.  Three  replicate  panels  are  shown.  Exposure  times 
renlicates. 
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performed  slightly  worse.  One  of  the  coatings  was  delaminated  after  2  weeks  of 
exposure,  initiated  from  the  scribed  area.  The  other  two  showed  some  blistering  after  2 
weeks  exposure. 

Vanadium  based  coatings  showed  some  extent  protection  on  scribed  areas  during 
the  8  weeks  exposure  as  compared  to  the  untreated  coupons  and  the  coupons  pretreated 
with  silane,  although  all  of  these  coupons  have  similar  performance  rating  based  on 
unscribed  area  percentage  failure.  For  bare  surface  with  HTV  primer  coating,  the  scribed 
areas  were  still  shiny  after  4  weeks  of  exposure,  which  might  be  an  indication  of 
vanadium  self-healing.  But  the  VCC  pretreated  coupons  with  HTV  primer  coating 
showed  more  delamination  (lifting)  then  that  of  un-pretreated  surface. 

For  the  silane-pretreated  coupons,  the  prevalent  failure  mode  was  blistering  along 
the  scribe.  The  corrosion  damages  started  at  24  hours  and  significantly  increased  with 
increasing  exposure  time.  It  appeared  that  the  addition  of  Ce  gave  no  improvement  on 
the  coating  performance  in  salt  fog  exposure. 

Table  3  characterizes  the  corrosion  protection  of  the  various  coating  systems  on 
the  basis  of  the  presence  or  absence  of  the  three  modes  of  corrosion  indicated  above.  It 
also  gives  a  ranking  of  the  coating  systems  in  terms  of  the  total  impedance  derived  from 
EIS  measurements  made  after  8  weeks  of  exposure.  A  range  of  performance  was 
exhibited  by  the  group  of  coatings  examined,  although  there  is  general  agreement 
between  observations  of  corrosion  damage  and  EIS  ranking. 

Overall  corrosion  protection  was  a  strong  function  of  the  type  of  pretreatment 
used.  The  best  overall  performance  among  the  Cr-free  coating  systems  was  demonstrated 
by  the  samples  with  the  Ce/Mo  conversion  coatings.  Silane  pretreated  samples  shows  a 
great  deal  of  corrosion  damage.  This  behavior  is  uncharacteristic  of  these  types  of 
pretreatments  in  our  previous  experience  suggesting  a  processing  or  application  flaw  in 
these  samples. 

The  effect  of  leachable  vanadate  from  the  HT-V-pigmented  primers  was  evident 
in  the  nearly  complete  absence  of  scribe  corrosion  in  these  types  of  samples.  The  only 
HT-V-bearing  coating  system  that  exhibited  scribe  corrosion  was  the  system  using  a  Ce- 
inhibited  silane  pretreatment.  In  this  case  corrosion  had  progressed  sufficiently  that  it  was 
unclear  if  the  scribe  had  corroded,  or  if  under  coating  corrosion  had  migrated  into  the 
scribed  area. 

Ultra-violet  condensing-moisture  exposure  testing  (UV  exposure).  UV  exposure  is 
damaging  to  may  organic  resins  used  in  primer  coatings  including  MIL-P-23377  epoxy 
resins.  Over  long  exposure  periods,  substrate  corrosion  can  be  induced,  but  this  test  may 
be  considered  to  be  less  of  corrosion  test  than  ASTM  B1 17  salt  spray  exposure,  and  more 
a  test  of  a  coating  resistance  to  UV  exposure.  As  such,  coating  degradation  observed  in 
this  test  did  not  depend  on  the  nature  of  the  pretreatment  used. 
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Figures  10  through  18  show  optical  macrographs  of  coated  samples  subject  to  UV 
exposure.  These  images  show  an  apparent  progressive  loss  of  coating  thickness  during 
the  exposure  period.  In  some  cases  the  bare  underlying  aluminum  substrate  could  be 
observed.  In  other  cases  there  was  corrosion  product  that  was  detected  on  the  sample. 

This  was  induced  by  a  combination  of  the  condensing  conditions  developed  in  the  UV 
chamber  and  the  use  of  a  sodium  chloride  electrolyte  in  the  periodic  EIS  tests  that  were 
conducted  on  these  samples. 

The  HT-V  pigmented  primer  coatings  developed  a  distinctive  green  coloration 
during  the  course  of  the  exposure  period.  This  type  of  discoloration  has  been  noted  in 
other  studies  and  can  be  induced  by  exposure  to  natural  sunlight.  Presently,  the  origin  of 
this  discoloration  is  unknown,  but  it  has  been  observed  that  this  can  be  reversed  by 
exposure  to  oxidizing  agents  such  as  peroxide  and  persulfate.  Exposure  of  coatings  to 
dilute  solutions  containing  these  oxidizers  restores  a  deep  orange-yellow  coloration  to  the 
coating.  No  decrease  in  corrosion  resistance  of  the  coating  has  been  associated  with  this 
UV-induced  color  change. 

Adhesion  testing.  The  pneumatic  adhesion  testing  apparatus  measured  adhesive  strength 
by  pulling  a  stub  glued  onto  the  coated  substrate  surface  (Figure  19).  This  test  measured 
the  nominal  normal  adhesion  strength  of  the  coating  to  the  substrate.  Figure  20  shows 
pull-off  adhesion  strengths  for  the  various  coating  systems  examined  in  this  study. 

Overall  the  adhesion  strength  varies  by  about  a  factor  of  4  from  lowest  to  highest 
strengths.  The  coatings  systems  roughly  break  into  three  groups.  On  the  low  end  were 
samples  with  Ce  conversion  coating  and  Ce-inhibited  silane  pretreatment.  Of  these  the  Ce 
conversion  coated  sample  exhibited  good  corrosion  resistance  in  salt  spray  testing,  while 
the  Ce-inhibited  silane  demonstrated  the  worst  corrosion  protection. 

The  middle  group  contained  the  vanadate  conversion  coated  samples.,  the  Ce-Mo 
conversion  coated  samples  and  the  sample  that  were  simply  deoxidized  prior  to 
application  of  the  epoxy  coating.  In  salt  spray  testing  the  vanadate  conversion  coated 
samples  exhibited  good  corrosion  resistance.  The  Ce-Mo  conversion  coated  samples 
exhibited  excellent  protection. 

The  high  pull-off  strengths  were  demonstrated  by  the  chromate  positive  control 
samples  and  the  silane  pretreated  sample.  Here  the  chromated  sample  provided  high 
levels  of  corrosion  protection,  but  the  silane  pretreated  samples  did  not. 

Adhesion  of  a  coating  system  to  the  underlying  substrate  is  an  essential  element 
of  corrosion  protection.  However,  in  the  comparison  of  salt  spray  exposure  test  results  to 
pull  of  adhesion  strength,  a  strong  correlation  is  not  evident.  This  may  be  due  in  part  to 
the  strong  role  of  chemical  corrosion  protection  from  releasable  inhibitors  in  these 
systems.  This  effect  may  mask  the  effects  of  lower  adhesion  in  some  of  the  samples 
examined  in  this  study. 

Electrochemical  impedance.  Electrochemical  impedance  spectroscopy  (EIS)  was 
performed  on  samples  subject  to  salt  spray  and  UV  exposure.  In  the  case  of  the  samples 
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Figure  10.  Optical  macrographs  of  CCC-SrCr04-epoxy  coating  after  selected  exposure  times  during  UV  exposure.  Three  replicate 
panels  are  shown.  Exposure  times  are  noted  under  each  set  of  replicates. 
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Figure  11.  Optical  macrographs  of  HT-V-pigmented  epoxy  coatings  applied  to  Ce-Mo  conversion  coated  2024-T3  surfaces  after 
selected  times  during  the  UV  exposure  experiment.  Three  replicate  panels  are  shown.  Exposure  times  are  noted  under  each  set  of 
renlicates. 
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Figure  12.  Optical  macrographs  of  HT-V-pigmented  epoxy  coatings  applied  to  Ce  conversion  coated  2024-T3  surfaces  at  selected  times 
during  the  UV  exposure  experiment.  Three  replicate  panels  are  shown.  Exposure  times  are  noted  under  each  set  of  replicates. 
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Figure  13.  Optical  macrographs  of  neat  epoxy  coatings  applied  to  deoxidized  2024-T3  surfaces  at  selected  times  during  the  UV 
exposure  experiment.  Three  replicate  panels  are  shown.  Exposure  times  are  noted  under  each  set  of  replicates. 
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Figure  14.  Optical  macrographs  of  HT-V-pigmented  epoxy  coatings  applied  to  deoxidized  2024-T3  surfaces  at  selected  times  during  the 
UV  exposure  experiment.  Three  replicate  panels  are  shown.  Exposure  times  are  noted  under  each  set  of  replicates. 
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Figure  15.  Optical  macrographs  of  HT-V-pigmented  epoxy  coatings  applied  to  mandate  conversion  coated  2024-T3  surfaces  at  selected 
times  during  the  UV  exposure  experiment.  Three  replicate  panels  are  shown.  Exposure  times  are  noted  under  each  set  of  replicates. 
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Figure  16.  Optical  macrographs  of  neat  epoxy  coatings  applied  to  vanadate  conversion  coated  2024-T3  surfaces  at  selected  times  during 
the  UV  exposure  experiment.  Three  replicate  panels  are  shown.  Exposure  times  are  noted  under  each  set  of  replicates. 
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Figure  17.  Optical  macrographs  of  HT-V-pigmented  epoxy  coatings  applied  to  silane  pretreated  2024-T3  surfaces  at  selected  times 
during  the  UV  exposure  experiment.  Three  replicate  panels  are  shown.  Exposure  times  are  noted  under  each  set  of  replicates. 
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Figure  18.  Optical  macrographs  of  HT-V-pigmented  epoxy  coatings  applied  to  Ce-inhibited  silane  pretreated  2024-T3  surfaces  at 
selected  times  during  the  UV  exposure  experiment.  Three  replicate  panels  are  shown.  Exposure  times  are  noted  under  each  set  of 
replicates. 
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Figure  19.  Schematic  illustration  of  the  pull-off  adhesion  test  apparatus. 
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Figure  20.  Pull-off  adhesion  strengths  of  coating  system  used  in  this  study.  Coating 
systems  are  identified  by  the  pretreatment  and  organic  coating  used. 
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exposed  in  salt  spray,  EIS  measurements  were  made  on  areas  of  the  coating  away  from 
the  scribe  and  characterize  corrosion  protection  by  nominally  intact  coatings. 

Several  different  figures  of  merit  were  extracted  from  the  impedance.  The  time 
dependence  of  these  was  plotted  and  analyzed  to  characterize  coating  system  corrosion 
protection.  These  figures  of  merit  included  the  total  impedance  measured  at  low 
frequency,  the  pore  resistance  (resistive  plateau  at  intermediate  frequencies),  the  phase 
angle  at  the  lowest  measured  frequency  and  the  coating  capacitance. 

EIS  of  salt  spray  exposure  samples.  Figures  21-24  show  the  time  dependence  in 
the  EIS  parameter  collected.  The  samples  exposed  to  salt  spray  demonstrate  a  wide  range 
of  performance  with  total  impedances  ranging  over  two  orders  of  magnitude  (Figure  21). 
As  a  group,  the  total  impedances  decrease  gradually  over  the  exposure  period  suggesting 
a  gradual  increase  in  overall  corrosion  damage. 

Figure  22  shows  the  variation  in  the  pore  resistance  with  exposure  time.  The  pore 
resistance  for  the  chromated  positive  control  sample  exhibits  very  low  pore  resistances 
for  all  exposure  times.  This  is  due  to  the  fact  that  this  coating  saturates  with  electrolyte 
very  quickly.  In  other  experiments,  we  have  found  that  this  coating  saturates  in  a  matter 
of  hours  in  salt  spray  exposure  conditions.  Corrosion  protection  is  afforded  because  the 
electrolyte  trapped  in  the  coating  is  rich  in  chromate  and  is  therefore  inhibits  corrosion  of 
the  substrate.  The  pore  resistance  is  relatively  high  for  samples  with  Ce,  Ce-Mo  and 
vanadate  conversion  coatings.  It  is  lower  for  samples  prepared  with  the  silane  and  Ce- 
inhibited  silane  pretreatments.  With  the  exception  of  the  chromated  samples,  the 
magnitude  pore  resistance  seems  to  generally  scale  with  the  extent  of  corrosion  induced 
during  salt  spray. 

Figure  23  shows  the  variation  in  the  phase  angle  at  the  lowest  measured  frequency 
in  the  impedance  spectrum.  The  rational  for  examining  this  parameter  is  to  understand 
the  nature  of  the  impedance  at  low  frequency.  A  high  (negative)  phase  angle  is 
characteristic  of  a  passivated  surface  or  a  diffusion-controlled  corrosion  process.  A  low 
(negative)  phase  angle  is  characteristic  of  a  resistive  faradaic  process  such  as  charge 
transfer-controlled  substrate  dissolution.  Therefore  examining  the  magnitude  of  the  phase 
angle  give  an  additional  characterization  that  can  be  used  with  the  total  impedance  at  low 
frequency  to  evaluate  the  state  of  corrosion  protection  provided  by  the  coating.  Figure  23 
shows  that  the  chromate  positive  control  exhibits  a  large  negative  phase  angle,  about  -80 
degrees,  which  is  consistent  with  a  passivated  surface.  The  low  pore  resistance  shown  in 
Fig.  22  suggests  that  the  coating  is  saturated  with  electrolyte.  The  high  phase  angle  in 
Fig.  23  indicates  that  this  environment  protects  the  substrate.  This  is  an  essential  element 
of  how  SrCr04  primer  coatings  provide  corrosion  protection.  The  phase  angle  values  for 
all  the  other  coatings  range  from  about  -20  to  -40  degrees.  These  values  suggest  that 
interfacial  reactances  are  still  contributing  to  the  impedance  at  the  lowest  measured 
frequencies.  However,  none  appear  to  be  establishing  the  passive  conditions  that  are 
developed  in  the  chromate  primer. 
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■  Bare  surface  +  neat  epoxy 
Bare  surface  +  HTV  primer 
VCC  +  HTV  primer 
CCC  +  SrCr04  primer 
Ce  +  HTV  primer 
Ce-Molybdate  +  HTV  primer 
Silane  +  HTV  primer 
Ce-Silane  +  HTV  primer 


Figure  21.  Variation  of  total  impedance,  |Z|,  with  time  for  salt  spray  tested  coatings. 
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■  Bare  surface  +  neat  epoxy 
Bare  surface  +  HTV  primer 
VCC  +  HTV  primer 
CCC  +  SrCr04  primer 
Ce  +  HTV  primer 
Ce-Molybdate  +  HTV  primer 
Silane  +  HTV  primer 
Ce-Silane  +  HTV  primer 


Figure  22.  Variation  of  pore  resistance,  Rp,  with  time  for  salt  spray  tested 
coatings. 
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— ->4 —  Bare  surface  +  neat  epoxy 
Bare  surface  +  HTV  primer 
VCC  +  HTV  primer 
CCC  +  SrCr04  primer 
Ce  +  HTV  primer 
Ce-Molybdate  +  HTV  primer 
Silane  +  HTV  primer 
Ce-Silane  +  HTV  primer 


Figure  23.  Variation  of  low  frequency  phase  angle,  -0,  with  time  for  salt  spray  tested 
coatings. 
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■  Bare  surface  +  neat  epoxy 
Bare  surface  +  HTV  primer 
VCC  +  HTV  primer 
CCC  +  SrCr04  primer 
Ce  +  HTV  primer 
Ce-Molybdate  +  HTV  primer 
Silane  +  HTV  primer 
Ce-Silane  +  HTV  primer 


Figure  24.  Variation  of  coating  capacitance,  C,  with  time  for  salt  spray  tested  coatings. 
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Figure  24  shows  the  variation  in  coating  capacitance  among  all  the  samples  tested.  In  this 
case,  the  coating  capacitance  of  the  chromate  control  sample  is  much  greater  than  that  of 
any  of  the  other  samples  and  varies  around  several  pF/cm2  over  the  exposure  period 
examined.  This  is  consistent  with  the  notion  of  a  water-saturated  coating  and  a  passivated 
coating-metal  interface.  The  coating  capacitances  for  all  the  other  coatings  range  from  1 
to  10  nF/cm2.  These  capacitances  are  consistent  with  what  is  expected  for  epoxy  coatings 
of  this  thickness.  The  fact  that  these  capacitances  are  not  increasing  with  exposure  time 
suggest  that  the  coatings  are  not  taking  up  water  during  the  exposure  period.  They  have 
either  saturated  before  the  first  measurement  taken  after  one  week’s  exposure,  or  they  are 
not  taking  up  much  water  at  all. 

EIS  of  UV  exposure  samples.  UV  exposure  degrades  the  epoxy  resin  in  the 
organic  part  of  the  coating  system.  The  samples  are  exposure  to  humidity  during 
exposure  and  they  are  periodically  exposed  to  chloride  solutions  when  the  EIS 
measurements  are  made.  However,  overall,  the  amount  of  corrosion  damage  experience 
by  the  substrates  is  much  less  than  occurs  in  salt  spray  exposure.  These  facts  are 
important  in  the  interpretation  of  the  EIS  parameters  collected  from  samples  subject  to 
UV  exposures. 

Figure  25  shows  the  variation  in  total  impedance  measured  at  low  frequency. 
Generally,  there  is  little  systematic  variation  in  the  total  impedance  of  any  of  the  samples. 
This  reflects  the  fact  that  none  of  the  samples  experiences  much  corrosion  during  this 
test. 


Figure  26  shows  the  variation  in  pore  resistance  with  exposure  time.  Pore 
resistances  are  either  steady  or  decreasing  with  exposure  time.  These  trends  reflect 
decreasing  coating  thickness  and  an  increase  in  defect  sites  in  the  coating  as  it  is 
degraded. 

The  low  frequency  phase  angle  data  in  Figure  27  all  trend  towards  large  negative 
values  indicating  that  the  samples  are  largely  passive.  This  is  direct  reflection  of  the  fact 
that  the  UV  test  is  not  a  test  of  corrosion  of  the  substrate. 

The  coating  capacitance  data  in  Figure  28  show  an  increasing  trend  with 
increasing  exposure  time.  This  trend  is  consistent  with  UV-induced  thinning  and  gradual 
loss  of  the  organic  coating  layer. 


147 


r 


T 


Qgiti 


4  5 

Time  (weeks) 


8 


Bare  surface  +  neat  epoxy 
Bare  surface  +  HTV  primer 
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Ce-Molybdate  +  HTV  primer 
Silane  +  HTV  primer 
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Figure  25.  Variation  of  total  impedance,  |Z|,  with  time  for  UV-exposed  coatings. 
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Bare  surface  +  neat  epoxy 
Bare  surface  +  HTV  primer 
VCC  +  HTV  primer 
CCC  +  SrCr04  primer 
Ce  +  HTV  primer 
Ce-Molybdate  +  HTV  primer 
Silane  +  HTV  primer 
Ce-Silane  +  HTV  primer 


Figure  26.  Variation  of  pore  resistance,  Rp,  with  time  for  UV-exposed  coatings. 
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-  Bare  surface  +  neat  epoxy 
Bare  surface  +  HTV  primer 
VCC  +  HTV  primer 
CCC  +  SrCr04  primer 
Ce  +  HTV  primer 
Ce-Molybdate  +  HTV  primer 
Silane  +  HTV  primer 
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Figure  27.  Variation  of  low  frequency  phase  angle,  -0,  with  time  for  UV-exposed 
coatings 
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Bare  surface  +  neat  epoxy 
Bare  surface  +  HTV  primer 
VCC  +  HTV  primer 
CCC  +  SrCr04  primer 
Ce  +  HTV  primer 
Ce-Molybdate  +  HTV  primer 
Silane  +  HTV  primer 
Ce-Silane  +  HTV  primer 


Figure  28.  Variation  of  coating  capacitance,  C,  with  time  for  UV-exposed  coatings. 
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SUMMARY 


This  exercise  demonstrates  that  high  levels  of  coating  performance  can  be 
achieved  with  novel  coatings  systems.  Corrosion  resistance  and  adhesion  levels  of  these 
simple  and  rudimentary  coatings  approach  that  of  incumbent  chromate-bearing  coating 
systems.  It  should  be  noted  that  no  attempts  to  optimize  coating  formulation  or 
application  were  made  in  this  study.  Optimization  in  this  regard  can  be  expected  to  result 
in  considerable  improvements  in  coating  performance. 

Coatings  and  releasable  inhibitors  based  on  Ce,  V  and  Mo  all  show  benefit  in 
terms  of  corrosion  protection. 

Future  efforts  dedicated  towards  optimization  of  formulations  and  application 
using  chemistries  based  on  those  examined  here  appear  to  have  a  high  likelihood  of 
achieving  chromate-like  coatings  system  performance. 
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Table  1.  Average  scribe  failure  rating  for  AA2024-T3  with  various  pretreatments  and 
HTV  primer  (ASTM  D  1654  Procedure  A). 


Sample  Name 

Sample  a 

Sample  b 

Sample  c 

Mean 

CCC+  SrCr04  primer 

10 

10 

10 

10.00 

Ce/Mo  CC+  HT-V  primer 

9 

9 

9 

9.00 

Ce  CC  +  HT-V  primer 

8 

8 

7 

7.67 

Deox  +  HT-V  primer 

9 

8 

9 

8.67 

Deox  +  Neat  Epoxy 

4 

5 

5 

4.67 

VCC  +  HT-V  primer 

9 

6 

8 

7.67 

Vanadate  CC  +  neat  epoxy 

7 

7 

- 

7.00 

Silane  pretreat  +  HT-V  primer 

2 

2 

3 

2.33 

Ce-inhibited  silane  +  HT-V  primer 

2 

2 

0 

1.33 
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Table  2.  Average  unscribed  area  failure  for  AA2024-T3  with  various  pretreatments  and 
HTV  primer  (ASTM  D 1654  Procedure  B). 


Sample  Name 

Sample  a 

Sample  b 

Sample  c 

Mean 

CCC+  SrCr04  primer 

8 

10 

10 

9.33 

Ce/Mo  CC+  HT-V  primer 

9 

7 

6 

7.33 

Ce  CC  +  HT-V  primer 

1 

7 

8 

5.33 

Deox  +  HT-V  primer 

2 

2 

5 

3.00 

Deox  +  Neat  Epoxy 

2 

2 

2 

2.00 

VCC  +  HT-V  primer 

2 

4 

2 

2.67 

VCC  +  neat  epoxy 

2 

2 

2 

2.00 

Silane  pretreat  +  HT-V  primer 

4 

2 

1 

2.33 

Ce-inhibited  silane  +  HT-V  primer 

3 

2 

1 

2.00 
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Table  3.  Summary  of  corrosion  observations  from  salt  spray  exposure  testing,  “x” 
indicates  a  positive  indication. 


Sample 

Scribe 

Corrosion 

Filiform  or 
Blister 
at  scribe 

Blister 

away  from  scribe 

EIS  rank 
at 

8  weeks 

CCC+  SrCr04  primer 

2 

Ce/Mo  CC+  HT-V  primer 

X 

3 

Ce  CC  +  HT-V  primer 

X 

min 

1 

Deox  +  Neat  Epoxy 

X 

X 

X 

4 

Deox  +  HT-V  primer 

X 

7 

VCC  +  HT-V  primer 

min 

X 

5 

VCC  +  neat  epoxy 

X 

X 

X 

~t 

Silane  pretreat  +  HT-V  primer 

X 

X 

6 

Ce-inhibited  silane  +  HT-V  primer 

X 

X 

8 

Min-  present,  but  minimal 


f  -  not  tested. 
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•  This  project  was  initiated  in  1999. 

•  A  second  phase  was  initiated  in  2003. 

•  Each  phase  addressed  a  different  SON. 

-  The  first  was  related  to  reverse  engineering  chromate  corrosion 
protection. 

-  The  second  was  to  use  lessons  learned  to  develop 
environmentally  friendly  coating  systems. 
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Technical  Objectives  and  Approach 


Our  objective  is  to  use  our  understanding  of  corrosion  protection  by  chromates  to 
develop  functional  equivalents  for: 

•  Conversion  coatings  based  on  rapid,  spontaneous  coating  formation  due  to 
inorganic  polymerization  in  V,  Mo,  Fe,  W  systems. 

Demonstrate  performance  that  is  generally  consistent  with  MIL-C-81706/MIL- 
C5541E  conversion  coatings. 

•  Corrosion- inhibiting  organic  coatings  by  replacement  of  SrCr04  pigments  with 
ion  exchange  compounds. 

Demonstrate  performance  that  is  generally  consistent  with  MIL-P-23377 primer 
coatings. 

Our  main  focus  has  been  on  protection  of  aluminum  alloy  substrates. 
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Cr(OH):  polymerization  plays  an  important 
role  in  CCC  formation 


Hydrolysis-polymerization-precipitation  Condensation  of  Cr(VI)  on  the  Cr(III)  backbone 

mechanism  for  Cr(OH)3  “backbone”  formation.  by  nucleophilic  attack  of  hydroxyl  ligands 

in  the  backbone. 


Cr(OH) 


,2+ 


(H30)4Cr: 


H 

-O 

o 

H 


Cr(OH3)4  HjO 


L.  Xia ,  R.L.  McCreery ,  J.  Electrohem.  Soc.,  145 ,  3083  (1998). 
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PP-1119  (part  I)  showed  that  polymerization 
of  hydrolyzed  Cr  affects  all  CCC  properties 


condensation  polymerization 
leads  to  film  formation 


dehydration  polymerization 
leads  to  coating  degradation. 
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Strategic  Environmental  Research 
and  Development  Program 

PP-1119  (part  II)  conversion  coating  work 
capitalized  on  vanadium  polymerization 


•  near  surface  pH  increases  due  to  surface-catalyzed 
proton  reduction 

•  ’’rapid”  monomeric  hydrolysis  of  V5+  is  triggered: 
V02+  +  2H20  VO(OH)3  +  H+ 

•  At  PHpzc  ~  2:  VO(OH)3  +  2H20  VO(OH)3(OH2)2 


•  addition  of  H20  leads  to  olation  (OH 
bridging)  and  oxolation  (O  bridging) 

•  hydrated  V5+  gel  formation  ensues. 

•  V3+  or  V4+  gels  may  form  by  a 
hydrolysis-  condensation-  polymerization 
processes  analogous  to  those  for  Cr3+ 
and  Ti4+  gels. 
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H,Q  fl  OH 
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OH 


MO 

y 


'OH 
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HtO 


fat 


Oxolation 


J.  Livage,  Solid  State  Ionics,  86-88,  935  (1996). 
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A 

The  VCC  process  is  identical  to  immersion 
chromate  conversion  coating  processes 
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Clean 

Alkaline  Clean 

Rinse 

Deoxidation 

Rinse 

Conversion  Coat 

Rinse 

Dry 

2024-T3  panels  degreased  and  deoxidized. 

3  minute  simple  immersion  in  coating  bath  at  RT. 

A  yellow  integral  layer  was  formed  on  the  alloy  surface. 


vcc 


ccc 
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Vanadium-based  conversion  coating  (VCC) 
formed  on  2024-T3 


•  2024-T3  panels  degreased  and  deoxidized. 

•  3  minute  simple  immersion  at  RT. 

•A  yellow  integral  layer  was  formed  on  the  alloy  surface. 


VCC  Before  SST 

VCC  after  168  h  SST 

2024-T3 

EIS  in  aerated  0.5M  NaCl 
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New  findings  (2004): 


•  V-Fe  interaction  is  critical  for  VCCs  formed  from  acidic  baths. 

•  A  new  Fe-free,  neutral  pH  VCC  formulation  has  been  devised. 

•  BF4‘  and  ZrF62'  additions  to  acidic  VCC  formulations  improve  corrosion  resistance. 
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Mo,  W,  Fe,  Ce-based  conversion  coating  summary 


Coating  corrosion  resistance 
determined  by  EIS  after 
exposure  to  aerated  0.5M 
NaCl  for  24±1  h 
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•  Corrosion  resistant  conversion  coating  formation 
appears  to  be  related  to  extended  polymer 
network  formation 


•  Extended  polymer  formation  depends  on  pH,  ion 
concentration,  co-polymer  formers 

•  Fe  appears  to  be  an  exception  to  the  corrosion 
resistance-polymerization  trend.  Prussian  blue 
and  Berlin  green-type  Fe(III)-Fe(II)  polymer 
films  are  readily  formed  on  A1  substrates,  but 
corrosion  protection  is  negligible. 

•  Ce  is  also  an  exception.  It  is  not  a  polymer 
former,  but  confers  good  corrosion  protection  to 
Cu-bearing  A1  alloys. 


Coating  Type 
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To  release  the  proper  inhibitor  “dose”, 
synthetic  ion  exchange  compounds  are  used 


•  Cationic  clays  (montmorillonites,  bentonites) 


Huang,  et  al.,  J. 
Coll.  &  Interf.  Sci. 
(2002). 


•  Anionic  clays  (hydrotalcites). 

Buchheit,  etal.,  POC,  47,  174  (2003). 


Li2[Al(OH)3]2+ 

Ni[Al(OH)3]22+ 

Zn[Al(OH)3]22+ 

Mg[Al(OH)3]22+ 


~  ^n0.65^0.35(^^)2 

4.77  At 

~  Znet  =  +0.35  eq/mol 
Gallery  height 
depends  on  layer 
composition. 


Exchangable 

inhibitors 

MnOy 

VO," 

V  o  6_ 
Mo042' 
Fe(CN)64-/3‘ 
NO,- 


•  high  inhibitor  capacity  2-30  meq  ions  / g. 

•  enormous  chemical  diversity— hundreds  of  synthetic  compounds  already  demonstrated. 

•  can  store  organic  or  inorganic  anions  or  cations,  and  them  with  reasonable  exchange  (inhibitor  release)  kinetics. 

•  compatible  with  organic  resins. 


NSS  exposure  reveals  differences  in 
protective  ability  of  the  pigments 
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PP-1119  Publications  and  Research  Output 


Total  publications  (as  of  10/15/04)  50 


Total  Ph.D.  Dissertations:  7 


Peer  reviewed  articles  23 

Books  1 

Edited  books  3 

Book  chapters  4 

Proceedings  15 

Patent  Filings  4 

Invited  Presentations  16 


Post-doctoral  researchers  supported: 

A.  Sehgal  1999  Micron,  U.S. 

V.  Laget  1999-2001  Suiza- Aero,  France 

C.  Paglia  2001-2003  Helbling  Ing.  AG,  Switz. 
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ft  Morris  Cohen  Grad  Student  Award,  ECS 
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To  transition  our  work,  we  must  get  the  word  out  to  prospective  customers  and 
vendors.  Ohio  State  issued  a  press  release  in  late  August  2004,  which  has 
triggered  a  number  of  news  stories: 

“OSU  Engineers  Create  Anti-corrosion  paint”  Columbus  Dispatch  9/1/04 

“Smart  Paint  reduces  pollution  and  adds  protection  at  low  cost” 

Cleveland  Plain  Dealer  9/9/04. 

“Paint’s  Smart  Pigment  Stops  Corrosion” 

“Smart  Paint”  Waste  News,  9/27/04. 

TV  story  in  production  by  the  American  Institute  of  Physics 
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Transition  Plan 


•We  have  a  formal  collaboration  with  Shepherd  Color  Company,  Cincinnati, 

OH  to  begin  the  commercialization  process  for  some  of  our  Cr-free  pigments. 

•  Independently  verified  our  findings  on  corrosion  protection 

•  We  have  entered  into  a  mutual  non-disclosure  agreement 

•  SCC  is  sponsoring  H.Guan,our  staff  chemist  to  work  exclusively  on  validation  and 
reduction  to  practice. 

•We  have  briefed  another  international  paint  commodities  company  headquartered  in 
Ohio  on  our  Cr-free  corrosion  protection  work.  We  are  supplying  Cr-free  pigments 
for  their  evaluation. 


The  Shepherd  Color  Company  is  a  privately  held  producer  of  inorganic  pigments,  specifically,  Complex  Inorganic  Colored  Pigments. 
These  pigments,  due  to  their  extreme  stability,  are  used  in  high  performance  coatings,  plastics,  glass  enamels,  and  high  heat  coatings. 
They  are  headquartered  in  Cincinnati,  OH  with  offices  in  Belgium  and  Australia. 
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•  Chemically-triggered  polymerization  can  lead  to  formation  of 
conversion  coatings  that  have  useful  properties: 

-  rapid  and  spontaneous  formation 

-  self-healing  characteristics 

•  The  concept  of  ion  exchange  compounds  as  store-and-release 
corrosion-inhibiting  pigments  appears  to  be  viable: 

-  pigments  are  dispersible  and  compatible 

-  useful  levels  of  corrosion  protection  can  be  imparted. 
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Vanadium  toxicity 


•  Vanadium  is  not  a  cancer-causing  agent  in  mammals,  but  it  is  known  to  produce 
some  adverse  health  effects  . 

•  Acute  over-exposure  results  in  inflammation  in  the  lungs  and  mucous  linings  of  the 
respiratory  tract. 

•  Effects  of  chronic  vanadium  exposure  range  from  no  observable  symptoms  to 
decreased  immunity  to  pulmonary  diseases. 

•  Vanadium  is  absorbed  poorly  by  the  gastrointestinal  tract,  and  vanadium  ingestion  is 
not  considered  a  significant  route  of  entry  into  the  body. 

•  The  effects  of  vanadium  on  reproductive  health  have  not  been  established  with 
certainty. 
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